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Three ores (sulfidic, oxidized and carbonaceous) were analyzed to 
determine the effects of leaching time, ore depth, and ore mineralogy 
on cyanide species concentration. NaCN solutions were percolated 
through opaque columns filled with milled ore. Column design made
liquid sample collection possible from various depths at specific
3_
times. The concentrations of free and total cyanide, Fe(CN)g , 
Fe(CN)g4-, SCN", and Cu(CN)43" were determined for each sample.
Extended percolation time led to increases in free cyanide concen-
3-trations and decreased SCN and Cu(CN)4 concentrations regardless of 
ore depth. Free cyanide concentration decreased while Fe(CN)g4" concen­
tration increased with ore depth. Highest concentrations of Fe(CN)g4",
O
SCN", and Cu(CN)4 were found in the sulfidic ore, with expected low 
free cyanide concentrations. Lowest concentrations of Fe(CN)g4 , 
SCN", and Cu(CN)4 were found in the oxidized ore. Intermediate 
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INTRODUCTION
Cyanide hydrometallurgy has been used nearly exclusively for the 
processing of precious metal ores since the late 1800s. Other lixi- 
viants for the extraction of precious metals have been proposed, such 
as thiourea and thiosulfate, but there is no recognized replacement for 
cyanide in the near future. Cyanide hydrometallurgy forms the basis 
for two primary types of precious metal processing treatments. The 
Merrill Crowe process is used for the processing of high grade ores 
with greater than one oz/ton of precious metal values. The Carbon-In- 
Pulp(CIP) process is used primarily for the processing of low grade 
gold ores. Both of these processes involve the leaching of gold and/or 
silver with cyanide according to the following reactions.
2Au + 4NaCN + 02 + 2H2 0 -: > 2NaAu(CN)2 + 2Na0H + H20 2
2Ag + 4NaCN + 02 + 2H2 0 -: > 2NaAg(CN)2 + 2NaOH + H202
The gold and/or silver bearing solution is separated from the milled
ore and the precious metal values are recovered via zinc dust precipi-
tation(Merrill Crowe) or by adsorption onto activated carbon(CIP). The
resulting "barren" solution contains free cyanide, simple cyanides, and
transition metal cyanide complexes(such as Fe(CN)g^ , Cu(CN)^ , and
Ni(CN)42-),and other impurities. The reaction of cyanide with sulfide
2-
minerals in the ore body leads to the presence of SCN , S203 , CNO ,
2
S and HS in the barren solution. Most of the barren solution is 
recycled to the processing mill; however, a portion of the barren 
solution must be discharged to the tailings impoundment to avoid 
buildup of certain impurities in the processing circuit. Two cyanide 
bearing streams are discharged in a slurry to the tailings impoundment: 
the barren solution, and the finely ground, leached ore pulp. These 
streams are held in the tailings impoundment where the usual practice 
is to allow natural degradation to cause some reduction in the concen­
tration of cyanide.
2-
Cyanide is present in many different compounds in precious metal mill
22tailings impoundments. Scott classified cyanide compounds into five 
major groups, as shown in Table I. Most transition metals present in 
precious metal ores form metallo-cyanide complexes which vary widely in 
terms of stability. These transition metal compounds are formed during 
the cyanidation process by the reaction of ore components with cyanide. 
The complexes are important because a large quantity of cyanide is 
thought to be "tied up" in these complexes. The complexes range in 
stability from weak to strong as shown in the following typical 
reactions.












Other important species present in mill tailings are formed by the re­
action of cyanide and sulfur-bearing compounds such as polysulfides.
Mill tailings impoundments are considered a solid waste and have been 
the subject of federal legislation such as the Solid Waste Disposal Act 
of 1976 and the Solid Waste Disposal Act Amendments of 1980 and 1983.
Little information is available on the types of cyanide compounds and 
their probable distributions in precious metal mill tailings impound­
ments. This is due mostly to difficulties in the chemical analysis of
solid and liquid mill tailings samples for the cyanide content and
20speciation, as cited by Pohlandt . Studies conducted at the Mackay 
School of Mines by Hendrix, Nelson and Ahmadiantehrani^ have esta­
blished a methodology for the reliable determination of total and free 
cyanide concentrations in solid and liquid mill tailings samples.
Even less information is available about the mobility of cyanide
O
compounds in precious metal mill tailings impoundments. Fuller 
reported on the mobility of KCN and K3Fe(CN)6 through columns packed
2- + CN --> SCN + Sx_xS2-
2 - + CN --> SCN + S032 -
4
Fe(CN)g and CN was very mobile in soils spiked with a pulse of these 
ions. Soil characteristics such as low pH, free iron oxide content, 
and clay mineralogy( kaolin, chlorite, and gibbsite clays) tended to 
increase cyanide mobility. These tests were conducted for a period of 
approximately 20 days, which was the time required for 20 pore volumes 
of fluid to pass through the soil filled columns.
with seven types of soil. He found that cyanide in the forms of
3-
The purpose of my study is to investigate the concentration and
mobility of cyanide compounds produced from the continuous leaching of
milled precious metal ores. Three types of precious metal ores were
leached with NaCN in column reactors. The three ore types selected are
referred to generically as oxidized, sulfidic, and carbonaceous ores.
Samples of the leaching solution were drawn from four different depths
within each individual ore column. Sample concentrations of free and
3- 4- - 3-
total cyanide, Fe(CN)g , Fe(CN)g , SCN , and Cu(CN)4 were monitored 
over a leach period of zero to 180, 201, or 240 days. The concentration 
and mobility of these compounds were studied as a function of ore 




Cyanides comprise a large body of organic compounds, each containing 
a CsN functional group. The cyanide group, CN- ,has the same electro­
nic structure as CO and N^ with a C-N bond energy weaker than the bond 
energies found in the CO and N2 molecules. The negatively charged 
cyanide ion consists of a carbon atom bound to a nitrogen atom by one 
sigma bond and two pi bonds. Although the cyanide ion is often consi­
dered a pseudo-halogen, cyanogen, (CN)2 , is a much weaker oxidizing 
agent than any of the halogens.
Hydrocyanic acid is a weak acid with a pKa of 9.23 at 20 °C for the 
following equilibrium reaction:
1. HCN + H20 -:> H30+ + CN-
The reaction is strongly pH dependent, with most of the cyanide present 
as HCN at pH 8 or less and as CN- at pH 10 and above. HCN is a 
weak acid due to the strong bond formed between H+ and CN-. Aqueous 
solutions of cyanide are easily oxidized to cyanate and cyanogen.
6
The cyanide ion uses the carbon atom as a donor when present as a
monodentate ligand. Cyanide is a strong field ligand, being located at
the high end of the spectrochemical series. The cyanide ion acts as
a sigma bond donor and a pi bond acceptor in complex cyanides. The
? 2dXy ,dyZ , and dxz orbitals present in octahedral complexes and dx -
and dz2 orbitals present in tetrahedral complexes overlap with the 
★
pi -antibonding orbitals of the cyanide ligand. This "back-donation" 
of electron density from the metal ion to the cyanide ligand lessens 
the large negative charge present on the metal ion, thereby stabilizing 
the complex. The "back-donation" of electrons coupled with a strong 
metal-cyanide sigma bond leads to the formation of very stable,low spin 
transition metal cyanide complexes.
Cyanide ions form simple cyanide compounds with a general formula of 
A(CN)x , where A is an alkali or metal ion and x is the oxidation state 
of A and the number of cyanide groups, respectively. Simple cyanides 
have differing solubilities and stabilities, but many ionize to release 
CN~ to the environment according to the following reaction:
2. A(CN)x — > A+X+ xCN“
Complex metal cyanides have a general formula of A M(CN) , where A
y *
is often an alkali metal(but can be a transition metal), y is the
+2 +3 +1number of A ions, M is a transition metal ion such as Fe , Fe , Cu ,
7
or Ni , and x is the number of cyanide groups. Although many of the 
complex metal cyanides are insoluble, some complex metal cyanides 
ionize to release a soluble M(CN)x group according to the following 
generalized reaction:
+2
3. A M(CN) --> yA+x + M(CN)"y
J  s  — X
Many of these complex metal cyanide ions undergo stepwise formation and 
dissociation, depending on variables such as pH, temperature, and free 
CN“ concentration. Of particular interest are the metal!o-cyanide 
complexes of Fe, Cu, and Ni present in aqueous solution. The following 
discussion will be limited to the cyanide complexes of iron, copper, 
and nickel and thiocyanate. Additional information can be found in an 
excellent reference on transition metal cyanide chemistry written by 
Sharpe .
Fe Complexes
The cyanide complexes of iron have been investigated more than those
of any other transition metal. Nearly all of the cyanide complexes of
Fe^+ contain the Fe(CN)g^“ ion. There are a large number of slightly
soluble salts of formulas AgM^FeCCN^] and AM3+[Fe(CN)6], where A is
2+ 3+an alkali metal of oxidation state +1, and M and M are transition
8
metals of oxidation states +2 and +3, respectively. Many of the hexa-
takes place rapidly, with the final cyanide addition taking place much
of the hexacyanoferrate(11) ion are stable if kept in the dark or in 
weak diffused light. The hexacyanoferrate(II) ion can be oxidized to 
the hexacyanoferrate(III) ion in acidic solutions according to the 
following reaction:
This reaction does not proceed at an appreciable rate in neutral or 
alkaline solutions. In addition, hexacyanoferrate(II) can be thermally
The photochemical decomposition of the hexacyanoferrate(11) ion is by 
far the most important mechanism for the release of free cyanide to the 
environment. Aqueous solutions of the hexacyanoferrate(11) ion undergo 
a photochemically-induced reaction which leads to the production of the 
aquopentacyanoferrate ion:
cyanoferrates( 11) are useful as ion-exchange materials'*'3. The hexa-
cyanoferrate(II) (Fe(CN)g^ ) ion is an octahedral complex formed by the
2+stepwise addition of six cyanide ions to the Fe ion. This reaction
O
slower than the first five cyanide ion additions . Aqueous solutions
4. 4[Fe(CN) ]J“ + 4H++ 0 4[Fe(CN)6]3“ + 2H20




The thermally and photochemically unstable Fe(CN)5(H20)3- ion decom­
poses in light by a progressive photosubstitution reaction to form 
2+
Fe and CN , with an increase in pH. The removal of light causes the 
reactions to reverse as long as the irradiation is not prolonged and 
the volatilization of HCN does not occur. The photochemical decompo­
sition of the hexacyanoferrate(11) and hexacyanoferrate(III) ions in 
aqueous solutions has been reviewed in detail by Broderius and Smith^.
5. Fe(CN)g~+ 2H20 --> J^Fe(CN)g (H20)J 3“ + HCN + OH-
hv
3+The reaction of Fe and six CN results in the formation of the
3_
hexacyanoferrate(III) ion, Fe(CN)g , and Fe(0H)3:
3- - 1̂6. Fe(CN)g + 30H -±> Fe(0H)3 + 6CN
23An excess of CN drives Reaction 6 to the left . The hexacyano- 
ferrate(III) ion is much more reactive than the hexacyanoferrate(II) 
ion, despite the hexacyanoferrate(III) ion being much more stable 
thermodynamically with respect to its' constituent ions. This differ­
ence in reactivity is mainly due to the electronic configurations of
3+ 3+ 2+
the Fe and Fe ions present in these compounds. The Fe and Fe
5 6ions have electronic configurations of d and d , respectively. The 
d5 6 configuration is more structurally stable than the d^ configuration,
when bonded to a strong field ligand such as cyanide, due to the
10
presence of a larger relative crystal field stabilization energy 
(CFSE), resulting in a larger octahedral site stabilization energy 
(OSSE). The structural stability of the hexacyanoferrate(II) ion is 
enhanced by the complete filling of d orbitals by electrons , which is 
not the case in the hexacyanoferrate(III) ion. These structural sta­
bility considerations help explain the greater reactivity of the 
hexacyanoferrate(III) ion.
The hexacyanoferrate(111) ion undergoes a photochemically-induced 
decomposition which differs from that of the hexacyanoferrate(II) ion:
7. 2Fe(CN)63"+ H20 + 20H--:>
hv
2^Fe(CN)5(H20) CN"+ CNO
Initially, hydrolysis of the hexacyanoferrate(III) ion occurs, followed
by a subsequent oxidation-reduction reaction leading to the production
2 + 3 +  - -of Fe and Fe ions. These ions react with CN and OH to form
3_
Fe(0H)2 and Fe(CN)6 . Reviews of the many investigations into this 
photochemical decomposition have been published by Broderius and 
Smith^. They determined that the maximum quantities of total cyanide 
released from the photochemical decomposition of dilute hexacyano- 
ferrate(II)- and hexacyanoferrate(III)-bearing solutions are approxi­
mately 85% and 49%, respectively of the total cyanide contained in the 
samples.
11
The hexacyanoferrate(II) and hexacyanoferrate(III) ions are kineti- 
cally inert species but electron transfer takes place rapidly between 
them. The following half-cell potentials will help illustrate several 
important aspects of hexacyanoferrate chemistry:
8. Fe{ CN) g3- (aq)+ e--<:> Fe<CN>64'(aq) E°= 0.36V




2+Clearly, the addition of six CN ligands to Fe makes the aqueous 
hexacyanoferrate(11) ion easier to oxidize than aqueous Fe2+. Com­
parison of the above potentials indicates that the formation constant 
for the hexacyanoferrate( 111) ion,J3g*** , should be 10^ times larger
than the formation constant for the hexacyanoferrate( II) ion,
23This has found to be true in numerous investigations
Several well-known compounds contain mixed oxidation states of iron. 
Examples of these compounds are KFe[Fe(CN)g] (so-called insoluble 




The tetracyanonickelate(II) ion, Ni(C N , is one of the most stable
nickel-cyano complexes. When Ni(CN)2 is dissolved in aqueous solutions
2- 3-of alkali metal cyanides, the ions Ni(CN)4 and Ni(CN)5 are formed,
2+  -whose relative concentrations depend on the (Ni )/(CN”) concentration 
ratio. However, the pentacyano complex has not been isolated from a 
KCN-Ni (CN^-H^O system at room temperature, but has been obtained at 
-15 °(T . The tetracyanonickelate(II) ion has a very stable low-spin 
square planar structure, due mainly to the strong field ligand effects 
generated by the addition of four CN- ions. The square planar struc-
O
ture has a d electronic configuration with electrons occupying the low
energy orbitals. These energy levels have been further lowered as a
result of spin pairing affected by the four cyanide ligands. The four
cyanide ions are needed thermodyanamically and kinetically to form a
stable complex. The rate of formation of the tetracyanonickelate(II)
2+ion is a fifth order reaction, first order in Ni and fourth order in 
total cyanide14. Despite the unusually high reaction order, the tetra- 




The stability of copper cyanide species in aqueous solution is 
dependent on pH and free cyanide concentration, as illustrated by 
the following reactions:
10. Cu1+ + 2CN" A 1 1 1 IV Cu (CN)2“








13. Cu (CN)43"+ H+ A 1 
1 
1 







IV Cu (CN)2" + HCN
The pK values for reactions 10, 11 and 12 are 21.7 , 5.10, and 1.10, 
respectively, at 25 °C. The above reactions show copper cyanide 
speciation is dependent on solution pH. Copper cyanide species are 
adsorbed on activated carbon, with maximum copper adsorption occuring 
at a free cyanide-to-copper concentration ratio of two. Copper 
adsorption decreases for ratios greater than two, suggesting Cu(CN)2~ 
adsorbs well but Cu(CN)3 and Cu(CN)4 do not adsorb . Davidson,et 
al6, reported that decreases in solution pH led to increased copper 
adsorption, as suggested by reactions 13 and 14. The greater adsorp-
14
tion of Cu (CN)2", as compared to Cu(CN)32“ and Cu(CN)43-, is probably
due to the lower anionic charge of the copper(II) cyanide complex. 
Sulfur Cyanide Species
Thiocyanate(SCN ) is a common cyanide reaction product when sulfur 
bearing species are present. Thiocyanate is produced when cyanide 
reacts with polysulfides and thiosulfates:
reported that the rate of reaction for equation 15 was three orders of
tion of thiocyanate is strongly dependent on the specific sulfide 
mineral. Of the ores she studied, chalcopyrite exhibited the highest 
overall sulfide to thiocyanate conversion, based upon the initial 
sulfur content. She found thiocyanate formation to be slow for 
elemental sulfur and for such sulfide minerals as chalocite, chalco­
pyrite, pyrite, pyrrhotite, and sphalerite.
15. CN" --> S2_-x + SCN
16. SCN
2 -
The rate of reaction of free cyanide with -SxS has been shown to 
increase as the pH increases from 8.2 to 12^. Luthy and Bruce3  ̂also
magnitude faster than that for equation 16. McGill 18 showed the forma-
15
Residence Time Distribution
Chemical reactors can be characterized by knowledge of fluid flow 
within the reactor. Reactors are often classified as "plug flow" or 
"constant flow stirred tank" reactors in terms of fluid flow character­
istics. Although most reactors never completely obey these idealized 
flow systems, often the slight deviation from ideal behavior does not 
complicate analysis of these reactors. However, in other reactors such 
deviation can be quite severe. Fluid flow problems such as channeling, 
fluid recycle and creation of stagnant regions are examples of signif­
icant deviations from idealized conditions. These types of flow devi­
ations always lower the "performance" of a chemical reactor.
Reactor behavior can be described by knowledge of the fluid velocity 
profile within the reactor. Often knowledge of the time required for 
individual molecules to pass through the reactor, or residence time, 
is sufficient to characterize the behavior of the reactor. This 
section will summarize the Residence Time Distribution (RTD) approach 
to nonideal flow,i.e., those flow systems which deviate from idealized 
flow models such as the plug flow model. The RTD approach discussed 
here has been drawn from appropriate texts by Smith‘d  and Levenspiel
Consider the steady state flow of a constant density fluid through
16
a reactor which does not undergo a chemical reaction; elements of this 
fluid taking different paths require different lengths of time to pass 
completely through the reactor. The time required for a fluid element 
to pass through the vessel is the residence time. The distribution of 
times required for all of the fluid elements to pass through the 
reactor is known as the residence time distribution or the exit age 
distribution, E. The RTD is conveniently represented in a normalized 
fashion:
1.
where t is equal to time. Age is defined as the time spent by a fluid 
element in the reactor. The exit age distribution curve, E , is needed 
to account for nonideal flow.
In order to determine the extent of nonideal fluid flow, the exit age 
distribution, E, must be evaluated. Experimentally, the E curve can be 
determined by a stimulus-response technique. A stimulus is introduced 
to "disturb" the system and the subsequent response is evaluated for 
the desired information. The stimulus is a tracer input to the fluid 
entering the reactor; the response is the tracer output versus time 
from the reactor. Generally, the tracer is a material which can be 
detected, does not disturb the flow pattern, and is chemically inert
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within the reactor. The input signal can be random, periodic, step or 
pulse; a pulse input will be discussed here.
An "instantaneous" pulse of tracer (also known as an impulse or delta 
input) is imposed on the stream entering the reactor. The tracer input 
may consist of a concentrated solution of dye, electrolyte or radio­
active substance. The response to the input is known as the C curve. 
The C curve consists of a recording of the tracer concentration output 
versus time. The normalized output response is given by:
where Q is the volumetric flow rate and is equal to the area under the 
C curve.
The development of the RTD for nonideal flow will be limited to the 
consideration of those reactors which are "closed" reactors. A 
"closed" reactor is one in which the fluid enters and leaves the vessel 
solely by plug flow. Such reactors are assumed to be free of the 
effects of varying velocities, swirls and/or back diffusion; this is a 
reasonable assumption for reactors such as the columns used in this 





must be identical to the RTD of any batch of fluid exiting the reactor. 
Suppose at time t = 0, a pulse input is introduced in the form of a dye 
to a "closed" reactor. For a "closed" vessel, the C curve is equal to 
the E curve, C = E. The "mean time",f, which is the average time an 
element of fluid remains in the reactor, is given by:
3. t = V/Q,
where V is the reactor volume and Q is the volumetric flow rate. Note 
that this is only true for a reactor with steady-state flow and a 
constant density fluid. For "closed reactors", the t^, "mean time - E 
curve", is equal to tc, "mean time - C curve", which is also equal to 
t,"mean time".
In practice, the C curve is seldom monitored continuously; the usual 
method is to analyze the tracer concentration present in the exit 
stream of the reactor versus time for discrete time intervals. For a 
C curve known at a number of discrete time values t., the "mean resi­
dence time" or centroid of the distribution is given by:
4.
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The spread of the distribution or variance is given by:
5.
RTD information is often used with flow models to characterize non­
ideal flow within reactors. Two popular types of flow models used in 
industry are the axial dispersion model and the tank-in-series model. 
The axial dispersion model will be discussed here.
The axial dispersion model assumes plug flow with superimposed grades 
of intermixing and back mixing, and whose magnitudes are not a function 
of position within the reactor. This flow model assumes that there is 
no gross bypassing or stagnant pockets within the reactor. Radial 
dispersion is also assumed to be negligible, which is generally valid 
for reactors with turbulent flow and with large 1 ength-to-reactor 
inside diameter ratios.
The axial dispersion model considers non-ideal flow disturbances as 
statistical in nature, as in molecular diffusion. Molecular diffusion 
in the x-direction is given by Fick's Law:
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6. dC = D d2C ,—  0 - 2
dt dx
where Dq is the coefficient of molecular diffusion. In a similiar 
manner, the intermixing conditions of the axial dispersion model in the 
x-direction are given by:
7. dC = D d2C ,
dt dx
where D is the axial dispersion coefficient. The basic differential 
equation of the axial dispersion model is easily derived by solving 
a transient material balance for an element of a plug flow reactor in 
which axial dispersion takes place. Let rQ be the radius of the 
reactor, u is the axial velocity of the fluid, and L is the length of 
the reactor, as measured along the x-axis.
Transient Material Balance 8
8. (Mass In) - (Mass Out) - (Mass Lost Due To = (Mass Accumulated)
Chemical Reaction)
The term (Mass Lost Due To Chemical Reaction) is equal to zero due to 
the use of a chemically inert tracer. The transient material balance 
for a volume element of the reactor between x and x+dx is given by:
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Now, Equation 9 can be reduced to a dimensionless’form using the follo­
wing transforms:
9 = ut and 
L
z = x_ 
L
Substituting these transforms into equation 9 and dividing through by 
2
rQ gives the following equation:






Now, dividing through by z9:









Taking the limit as z — > 0:
13. D d2C - dC = dC,
2
uL dz dz d9
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The dimensionless quantity ( D/uL ) is known as the vessel dispersion 
number and is a measure of the extent of axial dispersion. As the 
value of ( D/uL ) approaches zero, axial dispersion is considered to 
be negligible, and plug flow occurs. As the value of ( D/uL ) 
approaches infinity, the axial dispersion is considered to be large and 
the flow is considered non-ideal.
For a reactor with a small amount of axial dispersion, the output 
response curve E will be symmetrical for an idealized pulse input. 





-( 1 - 9 ) 
4( D/uL )
2 n
( D/uL ) may be evaluated from the experimental C curve by a number of 
graphical methods1^. For small extents of axial dispersion, many 
approximations and simplifications may be applied to the analysis of 
the C curve such that the solution of Equation 12 becomes the following 
with corresponding maximum error estimates:
t 2
Of15. 2( D/uL )
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maximum error < 5.0 % when D/uL < 0.01 
maximum error < 0.5 % when D/uL < 0.001 .
For large extents of axial dispersion, the .output response E curve will 
become increasingly skewed, becoming asymmetrical with an elongated 
tail. For closed vessel conditions, the value of the vessel dispersion 
number may be obtained using the following expression:
16.
2
2( D/uL ) - 2( D/uL ) ( 1 - exp( -uL/D)).
This expression may be solved by numerical methods to find the exact 
value of ( D/uL ).
The validity of the results of this method are significant when 
applied to a carefully analyzed flow system: the assumptions of the 
axial dispersion model will become invalid for increasing axial 
dispersion. Therefore, caution should be exercised when applying this 
model to any real flow system; the output response curve and the 
predicted behavior of the model should be carefully compared. Also, 
the axial dispersion model is very sensitive to tracer input and 




Representative samples of oxidized, sulfidic and carbonaceous gold 
ores were obtained from mines located in Nevada. The ores are typical 
of gold ores commonly processed in the western United States. Tables 
II and III list the results of X-ray powder diffraction, fire assay, 
and ICP chemical analysis of these ores.
Oxidized Ore
The oxidized ore deposit occurs in wide shear zones within 
carbonate-bearing host rocks. The gold is present as a free phase, 
generally unassociated with any mineral except silica. A small 
percentage of the gold is encapsulated by silica. Gold particle size is 
usually less than 30 microns in diameter, with most of the gold 
particles less than 5 microns. The ore has a high gold to silver ratio 
and contains gangue minerals such as calcite, silica, kaolinite, and 
sericite. Variable amounts of mercury are present, sometimes exceeding 
the gold content by an order of magnitude.
Sulfidic Ore
The sulfidic ore was obtained from a mine located near a porphyry
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copper deposit. The ore's total sulfide content ranges from ten 
percent to zones of massive sulfide. The gold is associated with 
pyrrhotite and pyrite and occurs mainly as free grains less than 75 
microns in diameter, or as minute grain depositions within sulfide 
mineral grain boundaries. The coarse gold fraction is associated with 
deep weathering which led to the formation of secondary enriched copper 
zones and significant quantities of clay replacement products. Silver 
mineralization occurs in a number of different forms, often associated 
with galena, and in smaller amounts as electrum and native silver.
Carbonaceous Ore
The carbonaceous ore was obtained from a deposit typical of carbon­
aceous, finely-disseminated gold deposits located in Nevada. The 
deposit is dominated by pervasive alteration. The ore is dark grey 
to black, pyritic, calcareous siltstone which may contain up to 0.80 
ounce per ton gold. Gold is believed to be tied up with organic com­
pounds present in the ore. Carbon present in the ore is extremely 
chemically active; it must be oxidized to render it inactive prior to 
recovery, as it will adsorb gold and silver cyanide complexes. Visible 
gold is not present in the ore and the free gold particle size is less 
than 4 microns in diameter. Realgar, orpiment, arsenopyrite, and 
cinnabar are associated with gold in the deposit. Gangue minerals 
present include calcite, stibnite, barite, dolomite, quartz, pyrite, 
and clay minerals such as illite and kaolinite.
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PREPARATION OF ORES
Samples of oxidized and carbonaceous gold ores were obtained from 
run-of-mill ore stockpiles at each mine location. The size fractions 
of the sample ores ranged from -12.7 cm to +0.64 cm. The sulfide ore 
was obtained as an ore-water slurry from the cyclone overflow stream 
of the processing mill. The size fraction of the sulfidic ore was 55% 
passing 150 mesh (Tyler Series).
The oxidized and carbonaceous ore samples were reduced in size to 
-0.64 cm by passing the ores through a 6" by 4" jaw crusher and a set 
of 4" double rolls. Additional size reduction was achieved by grinding 
the ores to an average particle size of -10 mesh in another set of 4" 
double rolls. Final size reduction was achieved by processing the -10 
mesh ores in a Bico pulverizer. A series of small scale percolation 
tests was performed to determine the dependence of the lixiviant flow 
rate in a column as a function of the particle size distribution.
The small scale percolation studies were conducted to determine the 
relationship between ore particle size and overall lixiviant volumetric 
flow rate. The ores were placed in a 50.8 cm long acrylic cylinder 
which had an 8.9 cm ID and a 10.2 cm 0D. The ore was hand-loaded into 
the cylinder, where it was placed atop a 2.5 cm layer of 5mm glass
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beads underlain by a 5 cm layer of glass wool. The purpose of the 
glass beads and wool was to prevent the loss of ore fines. Water was 
added by drops to the top of the ore column, where a constant hydraulic 
head of 5 cm was applied. A series of percolation tests were run for 
each ore type; the results of these tests are shown in Table IV. 
Ground ores exiting the comminution circuits of the oxidized and 
carbonaceous mills had 80% size fractions passing 200 and 140 mesh 
(Tyler), respectively. Several of the percolation tests used oxidized 
and carbonaceous ore samples whose particle size distributions were 
similiar to those of the ground ores exiting their respective mills. 
The results of Table IV indicate that column leach tests, using oxi­
dized and carbonaceous ores with particle size distributions similiar 
to those of the ground ores exiting their respective mills, would 
result in lixiviant volumetric flow rates which were less than 5 ml/hr. 
A volumetric flow rate in the range of 10 to 20 ml/hr was desired for 
the NaCN percolation studies. Therefore, the particle size distribu­
tions of test numbers Carb-4 and Oxde-4 were chosen to be ideal for the 
carbonaceous and oxidized ores, respectively. CaO is commonly added to 
ores prior to milling operations for pH adjustment. The oxidized and 
carbonaceous ores were blended with 1.3 and 0.5 grams of CaO per kilo­
gram of ore, respectively. Head samples of each ore were obtained 
prior to CaO blending.
The sulfide ore slurry obtained from the cyclone underflow stream 
was dried in an oven at approximately 60 °C. The resulting ore was a
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hard, caked material. The caked ore was broken up by tumbling it in a
rubber lined cylinder with a few grinding balls added to break up the
caked ore. Sieve analyses performed before and after the tumbling
process showed no appreciable grinding of the ore during the process.
The ore was blended to ensure homogeneity. CaO was not added to the ore
as the ore had been treated with 7.5 grams of Portland cement(Type III)
per kilogram of ore in the comminution circuit of the processing mill.
Portland cement is added to the ore to prevent the flotation of pyrite
and pyrrhotite in the sulfide flotation circuit and for pH adjustment.
Portland Cement mainly consists of 4 compounds; tricalcium silicate
(3Ca0*Si02), dicalcium silicate (2Ca0*Si02), tricalcium alumina (3030“
A1203), and tetracalcium aluminoferrate (4CaO*A1203*Fe^O ). Portland
cement also contains minor quantities of CaSO^, MgO, Na^O, and K^O,




The experimental apparatus is shown in Figure 1. The leaching column 
consists of a vertical acrylic tube 183 cm long, with inside and 
outside diameters of 8.9 and 10.2 cm, respectively. A 12.7 cm rec­
tangular plate of 0.64 cm thickness was glued to the bottom of the 
column and fitted with a 0.64 cm ID fitting to allow effluent to pass 
out of the column. A tripod stand beneath the bottom of the column and 
three ring clamps equally spaced along the length of the column, 
anchored to the laboratory bench provided support. A 1.27 cm hole was 
drilled 5 cm from the top of the column and fitted with a 0.64 cm ID 
piece of Tygon tubing which served as an overflow outlet for the 
constant hydrostatic head flow arrangement. The bottom of the column 
consisted of a 5 cm layer of glass wool overlaid with 454 grams of 5mm 
glass beads. These layers prevented the migration of fines from the 
ore contained in the column. A 10-liter Nalgene carboy fitted with a 
spigot served as the lixiviant reservoir. The lixiviant, NaCN, drained 
from the reservoir by gravity through a 0.64 cm Tygon tube to a 0.64 cm 
thick 10.2 cm rectangular plate fitted with a distribution tube; this 
arrangement made possible the addition of lixiviant by drops to the 
constant hydrostatic head atop the ore. The volumetric flow rate of 
the lixiviant was controlled by a tubing clamp placed on the tubing 
between the reservoir and the leaching column. Effluent from the ore 
body passed through the layers of glass beads and wool, through the 
bottom fitting, and into a 125 ml sample bottle, which drained into a
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10-liter Nalgene carboy. The entire apparatus was wrapped with several 
layers of newspaper and black electrical tape to exclude visible light 
from the ore and leach solution.
Sample ports for withdrawing liquid from within the column were 
installed at levels 46, 92, and 138 cm as measured from the bottom of 
the column. These sample ports consisted of a 12.7 cm long acrylic 
tube of 0.64 cm ID and 1.28 cm 0D which had been constructed as shown 
in Figure 2. The inside of the acrylic tube was packed with glass wool 
to prevent the loss of fine particles from the ore during sampling. A 
1.59 cm diameter hole was drilled in the leaching column at the sample 
level and was fitted with an "0" ring to prevent lixiviant loss through 
the gap between the leach column wall and the sample tube. A 50 ml 
Buchner filter flask with sidearm was connected to the sample port by 
Tygon tubing. Samples were withdrawn by applying a vacuum to the 
filtering flask, thereby drawing liquid from the inside of the ore. 
Samples of the column effluent were obtained from the 125 ml sample 




Prior to loading, each ore was tumbled in a baffled, rotating drum 
for two hours to enhance homogeneity. Individual columns were filled 
with ground carbonaceous, oxidized, or sulfidic ore, respectively. 
The ores were loaded into the columns with a hand scoop and a funnel. 
The columns were continuously shaken during the ore loading operation, 
to ensure that good packing would minimize the possibility of fluid 
channeling within the column. Sample port tubes were inserted when the 
level of the ore in the column was equal to the sample port level. 
Care was taken to maximize packing around the sample ports. The 
columns were filled to a level approximately five cm below the con­
stant head overflow outlet. Each column held approximately 18 kgs of 
ore. The columns were wrapped to keep light from reaching the ore and 
leaching solution. The estimated bulk densities of the oxidized, 
sulfidic, and carbonaceous ores in the columns were 1.83, 1.54, and
3
1.79 g/cm , respectively.
The ore columns were initially wet with CaO-buffered, de-ionized 
water of pH 11.5. Samples of each column were drawn from the four 
sample ports and analyzed for cyanide content to ensure that no cyanide 
had been inadvertently introduced into the ore columns. After leaching
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each ore for a period of two weeks with pH 11.5 de-ionized water, the 
leaching of the ores with NaCN solution was initiated. The concentra­
tions of NaCN used for the leaching of the sulfidic, carbonaceous and 
oxidized ores were 1.592, 0.265, and 0.159 g/L CN", respectively. 
These concentrations were the same concentrations of NaCN used in the 
processing of each ore at their respective mills. The NaCN solutions 
were buffered to a pH of 11.0 to 11.5 by the addition of CaO. 30ml 
samples of each level were drawn three times weekly during the first 
month of NaCN leaching. The frequency of sampling and the sample size 
were reduced to once per week and 10 ml, respectively, after 45 days of 
NaCN leaching. Samples were drawn from the columns with a vacuum with 
a pressure drop of 350 mm Hg and were free of fine particulates. The 
average volumetric flow rates for the percolation of the NaCN solutions 
were 14.0, 14.1 and 28 ml/hr for the oxidized, carbonaceous and sulfi­
dic ore columns, respectively. Samples of the leach solutions were not 
drawn from any of the columns for the period of June 30, 1986 through 
July 14, 1986 due to an electrical power loss in the building.
The individual ore columns were sampled until the ratio of free 
cyanide to total cyanide became relatively constant. The oxidized ore 
was leached for 173 days, at which time the column effluent contained 
nearly 100% free cyanide. The sulfide ore was leached for 201 days 
until the free-to-total cyanide ratio became relatively constant. The 
ratio of free to total cyanide in the carbonaceous ore column did not
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stabilize, so the leaching was terminated at 240 days. The sulfidic,
oxidized and carbonaceous ores were leached by a total of 35, 21 and 24
pore volumes of fluid, respectively. Experimental values of hydraulic
conductivity (K), void volume, and porosity are listed in Table V for
each column leach test. These values were determined using methods 
28listed in Wenzel .
The samples were placed in opaque Nalgene bottles and stored in a 
refrigerator at 4° C prior to chemical analysis. The low temperature 
served to minimize any degradation of the sample, such as the 
conversion of sulfide to thiocyanate or cyanide to cyanate.
RTD PROCEDURE
A standard procedure was developed for the determination of the RTD 
for each individual column. Immediately following the end of the NaCN 
leach period, each column was washed with at least 15 liters of pH 10 
buffered, de-ionized water to remove remaining cyanide solution. A 
pulse of the desired tracer solution was introduced at the top of the 
column and samples of the column effluent solution were collected and 
analyzed for tracer concentration.
Azocarmine B(AzB) dye,(Allied Chemical, Cl No. 829), was used as a 
tracer for the RTD determinations of the oxidized and sulfidic ore 
columns. The absorbance of pH 10 buffered AzB dye solutions of varying 
concentrations was measured at a wavelength of 510nm using a Beckman 
Model Acta MVII spectrophotometer. The data were used to generate the 
calibration curve shown in Figure 3. The input pulse of dye was added 
as a concentrated solution of AzB dye at the top of the columns. 
Aliquots of the column effluent solution were added to a pH 10 buffer 
solution prior to the measurement of absorbance to negate any inaccu­
racies due to differences in pH between samples.
The AzB dye proved to be unsatisfactory as a tracer in the carbon­
aceous ore, as it appeared to be chemically active in the system.
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Figure 4 is a plot of the C curve generated through the use of the AzB 
dye in the carbonaceous ore. Note the erratic, skewed response of the 
C curve in Figure 4. Such behavior is usually indicative of the tracer 
being chemically active in the system. Another dye, Indigo Carmine dye, 
(Fisher Chemical, Cl No. 73015), was tried as a tracer but it also 
proved to be unsuccessful.
A concentrated solution of NaCl was the final tracer employed for 
the RTD determination in the carbonaceous ore column. A Barnstead 
Model PM-70CB conductivity bridge and a YSI 3403 conductivity cell were 
used to construct the calibration curve shown in Figure 5. The NaCl 




ASTM D2036-81 MODIFIED METHOD
Samples from the NaCN leaching tests were analyzed for free and total 
cyanide, Fe(CN)g3~,Fe(CN)g^”,Cu(CN)43”, and SCN". The free and total 
cyanide concentrations were determined by the use of a modified ASTM 
method, D2036-81-*-. A relatively new method of ion chromatography, 
mobile phase ion chromatography(MPIC), was used in the determination of 
the Fe(CN)g3-, Fe(CN)g^~, Cu(CN)^3-, and SCN" concentrations of the 
samples.
ASTM D2036-81 is a standard test method for the determination of the 
total and free cyanide concentrations in water. The ASTM method 
provides for the analysis of total cyanide, cyanide amenable to chlor­
ination by difference, and "free" or weak acid dissociable cyanide. 
The methods for the analysis of total and weak acid dissociable cyanide 
were modified for use in the analysis of the NaCN leach test samples. 
The weak acid dissociable cyanides will be referred to as the so-called 
"free" cyanides in this paper. The modifications to the standard ASTM 
method have been published previously by Hendrix, et al,10.
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Method A, total cyanide after distillation, is based on the decompo­
sition of nearly all of the metal and simple cyanide complexes during a 
one hour strong acid reflux distillation. The cyanide complexes of Pt, 
Au, and Co are known not to completely dissociate during the distill­
ation process. The limit of detection for Method A is 0.03 ppm 
cyanide.
The distillation flask is a 1 liter round-bottom flask inserted in an 
electric heating mantle. An 8mm ID addition funnel/bubbling tube is 
inserted into one neck of the flask and should reach within 6 mm of the 
flask bottom. The other flask neck is fitted with an Allihn condenser 
which continuously refluxes condensate and returns it to the distill­
ation flask. The top end of the condenser is connected to a vacuum- 
type absorber whose outlet is connected to a vacuum line fitted for 
fine vacuum control. A Beckman Model 20 spectrophotometer was used for 
the colorimetric determinations mentioned later in this section.
The following procedure was used for the determination of total 
cyanides(Method A). Ten ml of 40 g/L NaOH was added to the absorber 
while an aliquot of the cyanide containing sample was added to the 
distillation flask. Ten ml of 2.5M MgC^'bl^O and twenty ml of 0.147M 
HgCl2 solutions, respectively, were added to the distillation flask, 
and a vacuum flow rate of approximately one bubble/second was initi­
ated. The addition of HgCl2 is a modification to the ASTM method and
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cyanide complexes . The contents of the distillation flask are allowed 
to mix for 3 minutes by the action of the air flow through the flask 
caused by the vacuum. Fifty ml of 50% (wt.) H2S04 was then added to 
the flask, the condenser cooling water was turned on, and the heating 
mantle was adjusted to boil the solution. After one hour of reflux 
distillation, the distillation flask was allowed to cool for 15 minutes 
while the vacuum air flow was still on. The cyanide containing 
absorption solution was transferred to a 250 ml volumetric flask where 
distilled H^O was added for a total volume of 250 ml. The resulting 
cyanide containing NaOH solution was ready for colorimetric 
determination, which will be discussed later in this section.
serves as an additional catalyst for the decomposition of the iron
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Method C, the so-called free cyanide procedure, is based upon the 
conversion of all but the refractory metal cyanide complexes to HCN.
The method uses the same procedure as Method A with a few important 
differences. Iron cyanide decomposition is avoided by the absence of 
the HgCl2 and MgCl2*6H20 catalysts and by the addition of zinc acetate, 
which renders the iron cyanide complexes insoluble. The solution is 
slightly acidified to a pH of 4.5 by the addition of acetate buffer, 
instead of the strong acidification in Method A due to the addition 
of H2S04- The reflux distillation is run for one hour and the absorp­
tion solution is transferred to a 250 ml volumetric flask and diluted
to volume with distilled H20.
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The cyanide concentrations of the samples from Methods A and C are 
determined using colorimetry. A KCN standard solution was prepared for 
use in the colorimetry standardization curve. A known mass of KCN
was dissolved in 40 ml of 40 g/L NaOH and diluted to 1 liter. An
aliquot of the standard KCN solution was diluted to 100 ml with 0.04M
NaOH; 0.5 ml of rhodamine indicator (Appendix A) was added and the 
resultant solution was titrated with 0.01N AgN03 to determine the
cyanide concentration in the standard KCN solution*.
The standard KCN solution was used to prepare a set of standards 
suitable for spectrographic determination. An aliquot of the standard 
KCN solution was added to a 50 ml volumetric flask along with 40 ml of 
0.04M NaOH and 1 ml of chloramine-T (Appendix A) and acetate buffer, 
respectively. The solution was mixed well and allowed to stand for 2 
minutes. Chloramine-T reacts with cyanide according to the following 
reaction:
C7H7S02NClNa + CN“ + 2H20 — > C7H?S02NH2 + CNC1 + Na+ + 20H
chloramine-T
Five ml of the pyridine-barbituric acid reagent (Appendix A) was then 
added to the flask, diluted to volume with water and allowed to react 
for 8 minutes. The CNC1 reacts with the pyridine-barbituric acid com-
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pound to form a reddish-brown barbituric acid derivative which absorbs 
light at 578 nm:
C5H5N + 2C4H303N2 + CNC1 --> NH2CN +
C0(NHC0)2C:CH(CH:CH)2CH(C0NH)C0
reddish-brown
The concentration of each standard KCN solution was calculated, along 
with an absorbance. The resultant colorimetric data were used to 
construct a calibration curve which obeyed the Beer's law relationship.
The absorption solution samples from Methods A and C were analyzed 
colorimetrically using the procedure outlined above. Each sample was 
analyzed twice to ensure precision. The major interference possible in 
the colorimetric determinations is the reaction of SCN" with 
Chloramine-T to form CNC1:
4C7H7S02NClNa + SCN" + 4H20 -:> 4C7H?S02NH2 + CNC1 + 4Na+ +
S042" + 3C1"
This reaction proceeds rapidly in acidic and weakly alkaline regions 
(pH of 5 - 8), but is slow in neutral and alkaline regions (pH 7 and pH 
> 9)19. This reaction had little effect on cyanide determinations as 
most of the samples contained little SCN" and had pH's greater than 9.
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ION CHROMATOGRAPHY
Ion chromatography was used for the determination of Fe(CN)63", 
4- 3-Fe(CN)6 , Cu(CN)^ , and SCN“ concentrations in solution. Direct 
analysis of these cyanide species by other analytical methods is labor­
ious and subject to interferences which limit the accuracy of the 
results. Multi-ion analysis per sample of these cyanide species is 
possible using ion chromatography.
A type of ion chromatography known as mobile phase ion chromatography 
(MPIC) was used for the cyanide species determinations. MPIC is simi- 
liar to ion-pair chromatography: it involves ion pair formation in the 
mobile phase instead of ion exchange in the stationary phase, as in 
high pressure ion chromatography. A Dionex Model 2000i/SP ion chroma­
tograph was used with a Dionex OPTI-Ion™/UV-Vis spectrophotometric 
detector and a Dionex Model 4270 Integrator. The chromatograph uti­
lized a MPIC™/NS1 separator column and a MPIC™/NG1 guard column. The 
separator and guard columns contained a polystyrene/divinyl benzene 
resin which had no fixed ion exchange capacity. Cyanide species such 
as Fe(CN)63_, Fe(CN)g4-, Cu(CN)43“, and SCN" exhibit extremely high 
affinities for anion exchange resins commonly used in high pressure ion 
chromatography. These ions are difficult to elute in such systems due 
to their high anionic charge. MPIC is an ideal technique for such 
cyanide species determinations.
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Initially, a method was developed for the determination of Fe(CN)g3- 
and Fe(CN)g4- concentrations in solution. The eluant consisted of 30% 
(vol) CHgCNCspectrographic grade), 0.5mM NagCO-^reagent grade), and 
2.0mM tetrabutyl ammonium perchlorate(TABP)(spectrographic grade) in 
distilled, de-aerated water. The eluant flow rate and operating 
pressure were set at 1.0 ml/min and 1500 psig, respectively. The range 
of the spectrographic detector was set to 0.5 AU and the offset(OF), 
chartspeed(CS), and attenuation(AT) of the integrator were set to 0.05, 
0.2cm/second and 1024, respectively. A listing of the file used for 
the calibration of the chromatograph is included in Appendix B. The 
concentrations of the individual cyanide species were determined by the 
area of the specific chromatographic peak as measured from the 
baseline.
2+ 3+A standard containing 500 ppm of Fe and Fe in the forms of 
Fe(CN)g4- and Fe(CN)g3-, respectively, was prepared. Reagent grade 
quantities of 0.33012 grams of K^Fe(CN)g and 0.29512g of KgFe(CN)g, 
respectively, were weighed out into a 100 ml volumetric flask and 
diluted to the mark with distilled, de-aerated water. A one ml aliquot 
of the solution was diluted to 100 ml in a volumetric flask in order to 
prepare a solution containing 5 ppm Fe and 5 ppm Fe . The standard 
solutions were stored in a refrigerator and protected from light to 
prevent photochemical decompostion of the iron cyanide complexes. A 
new 500 ppm Fe and Fe standard was prepared weekly and the 5 ppm 
standards were prepared daily from the 500 ppm standard. The daily 
preparation of the 5 ppm standard was performed in order to minimize
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any error due to the possible oxidation of the Fe(CN)g3- ion to the 
Fe(CN)g4- ion. A calibration run with the 5 ppm Fe2+ and Fe3+ standard 
is included in Appendix B. The retention times of the Fe3+ and Fe2+ 
peaks averaged 10 and 14 minutes, respectively. The relative standard 
deviations for the 5 ppm iron standard injected as Fe(CN)g3- and 
Fe(CN)g4 is 1 percent; for a 0.1 ppm concentration of the iron stan­
dard the corresponding relative standard deviation is 5 percent. The 
correlation coefficients for the linear calibration graphs of the iron 
standards are 0.9994 and 0.9999 for Fe(CN)g3- and Fe(CN)g4-, respec­
tively. The limits of detection for Fe(CN)g3- and Fe(CN)g4- are 20 and 
10 ppb (of iron), respectively.
Several unknown peaks were consistently present on chromatograms run
for iron cyanide determination. These peaks were thought to be indi-
3- 9-cative of the presence of SCN , Cu(CN)4 , and Ni(CN)^ . A standard 
solution containing SCN , Cu(CN)^ , and Ni(CN)4 was prepared to 
determine the identity of the unknown peaks. Standard solutions of 
SCN-, Cu (CN)43-, and Ni(CN)^2- of concentration 500 ppm SCN", 100 ppm
_L O _1_
Cu and 500 ppm Ni were prepared. Aliquots of these standard solu­
tions were added to a 100 ml volumetric flask and diluted to the mark
with distilled, de-aerated water to form a standard solution of 25 ppm 
+ 2+SCN , 10 ppm Cu , and 20 ppm Ni . Chromatograms of the standard
3_
confirmed the presence of SCN and/or Cu(CN)4 in the previously run 
iron cyanide chromatograms. However, the peaks of the SCN and 
Cu (CN)43- were "fused", and could not be used for accurate analytical 
determinations. A change in eluant composition was needed to allow for
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the accurate determination of SCN”, Cu(CN)43”, and Ni(CN)42” concen­
trations in the samples.
After experimenting with several different eluants in which the 
concentrations of CH3CN, Na2C03, and TBAP were varied, an eluant was 
found which was suitable for SCN", Cu(CN)43~, and Ni(CN)42” analysis. 
The eluant composition consisted of 22%(vol) CH3CN, 0.3mM Na2C03, and 
2mM TBAP in distilled de-aerated water. The eluant flow rate and 
operating pressure remained at 1.0 ml/minute and 1500 psig, respec­
tively. A calibration run of the 25 ppm SCN-, 10 ppm Cu+ , and 20 ppm 
2+Ni standard is included in Appendix A. The average retention times
O O
of the SCN , Cu (CN)4 ”, and Ni(CN)4 ” chromatographic peaks were 5.5,
6.7, and 13.5 minutes, respectively. The approximate limit of detection 
2+ + -for the Ni , Cu , and SCN species is 0.1 ppm of the respective ion.
Each leach sample was run twice on the chromatograph, once for 
Fe(CN)62" and Fe(CN)g^” analysis and once for SCN-, Cu(CN)43“, and 
Ni(CN)42- determination. The following procedure was followed for all 
samples run on the ion chromatograph.
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The ion chromatograph electrical power was left on at all times. 
Only the pump and the spectrographic detector were turned off after 
use. The pump and spectographic detector were turned on and the system 
was warmed up for a minimum of one hour. This was necessary to allow 
the separator column and the eluant to reach equilibrium. The noise 
level of the detector was monitored by a function in the integrator 
known as PT EVAL. If the value of PT EVAL exceeded 500, more time was 
required to stabilize the system. When the value of PT EVAL dropped 
below 500, the system was ready for use. An aliquot of the standard 
solution was injected into the system to calibrate the chromatograph. 
The calibration interval was set such that five samples could be 
analyzed between successive calibrations. The noise level of the 
detector was periodically monitored to ensure proper operating 
conditions. Samples were diluted when necessary using a 500 microliter 
pipette and a set of 5, 10, 25, and 100 ml volumetric flasks. The 
distilled, de-aerated water used in the dilutions was checked 
periodically for interferences by injecting "blanks" into the ion 
chromatograph. Each new calibration standard was checked against the 
previous standard to assure accuracy and precision. The separator and 
guard columns were reconditioned every two weeks using a 90% CH^CN/l0% 
H20(vol) solution to elute any retained strongly adsorbed anions. 
Changes in eluant composition required a minimum of two hours at a flow 
rate of 1.0 ml/minute for the separator column to reach equilibrium. 
The ion chromatograph could be used continuously for about 8 hours 
before the pump began to overheat and the chromatogram quality deterio
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rated. An aliquot of water was run at the end of the ion chromato­
graphy use to cleanse the separator and guard columns.
The arithmetic difference between the values of the total cyanide and 
free cyanide concentrations is equal to the concentration of the 
refractory metal cyanide complexes in the sample. The most prevalent 
refractory metal cyanide complex present in the samples was the 
Fe(CN)g4- ion. The concentration of the Fe(CN)g4“ ion measured by the 
MPIC chromatographic method compared favorably to the refractory metal 
cyanide complex concentration as determined from the arithmetic 
difference between the total and free cyanide concentrations.
The relative error in the measurement of the total and free cyanide 
concentrations is estimated to be less than one percent. The relative 
error in the measurement of the Fe(CN)g^~ and Fe(CN)g^” concentrations 
is estimated to be less than three percent. The relative error in the
3_
measurement of the SCN and Cu(CN)^ concentrations is estimated to be
3-less than eight percent. The measurement of the SCN and Cu(CN)^ 
concentrations is less accurate due to the lesser sensitivity of the 
method and the much longer sample storage period prior to analysis, as 
compared to the other methods discussed.
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The amount of scatter present in the plots shown in the Figures 
section of this study is considered to be actual scatter in the data 




The oxidized ore was leached for a period of 180 days. Table VI is a 
listing of the total and free cyanide concentrations versus leach time 
for samples drawn from the oxidized ore column. Tables VII and VIII 
list the concentrations of SCN", Cu(CN)43“, and Fe(CN)64“ versus leach 
time for samples of the oxidized ore leach test. Table IX contains the 
ratio of free cyanide to total cyanide, in percent, versus leach time 
for the oxidized ore. Samples from each ore column were analyzed 
regularly for free cyanide, total cyanide, Fe(CN)g4", and Fe(CN)g3-
3_
concentrations. The concentrations of SCN and Cu(CN)4 were deter­
mined less frequently, usually when the presence of such compounds was 
indicated on chromatograms generated for the analysis of iron cyanide 
content. Using "best fit" curves where appropriate, data were plotted 
with the GRAPHER” software package developed by Golden Software, Inc. 
of Golden, Colorado.
Table X is a listing of the data used for the analysis of fluid flow 
within the oxidized ore column. The table includes a listing of the 
output tracer concentration as a function of time in response to a 
pulse input. The data contained in Table X were used in the generation 
of the C and E curves presented in Figures 6 and 7, respectively. The 
C curve shown in the figure is a plot of the output tracer concentra­
tion versus time for a pulse tracer input. Figure 7, the E curve, is a
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plot of the exit age distribution versus dimensionless time 9. The C 
and E curves show a symmetrical output response curve with an extended 
tail. The extended tail is typical of trickle bed reactors, and 
usually indicates that a small portion of the tracer has been either 
adsorbed on solid surfaces within the ore, trapped by pores within the 
reactor, or "held up" in small stagnant regions within the column. The 
C and E curves reveal that the flow within the oxidized ore column is 
primarily plug flow with a small extent of axial dispersion. No gross 
bypassing or channeling is indicated for the oxidized ore column. The 
axial dispersion number (D/uL) was found to be 0.119 and the mean 
residence time t is equal to 19.1 days.
Figure 8 is a plot of free cyanide concentration versus leach time 
for the oxidized ore. The levels referred to as levels 1, 2, 3, and 4 
on all of the plots correspond to samples drawn from levels 46, 92, 
138, and 184 cm, respectively, as measured from the bottom of the 
column. Level 4 corresponds to the effluent leaving the bottom of the 
column. In addition, the "best fit" lines on a plot are labeled with a 
number 1, 2, 3, and 4 to distinguish the sample level corresponding to 
the "best fit" line. Figure 8 indicates the free cyanide concentra­
tion dependence on ore depth. Notice how the concentration of free 
cyanide decreases as the ore depth, or sample level, increases as 
measured from the top of the ore body. As the free cyanide percolates 
downward through the column, the concentration should decrease as 
cyanide reacts to form other cyanide species. The time dependence of 
the free cyanide concentration can be generalized by an initial rapid
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rise in concentration, followed by a small decrease in concentration 
with a subsequent slow rise in concentration which tends to level off. 
The initial rise in concentration is preceded by a time lag which is 
best understood as the time required for the lixiviant to percolate 
down the ore column to each individual sample level.
Figure 9 is a plot of the total cyanide concentration versus leach 
time for the oxidized ore. The total cyanide concentration decreases 
with increasing ore depth, similiar to the free cyanide behavior. The 
total cyanide concentration increases towards a limiting value, probab­
ly the initial cyanide concentration, as the leach time increases. 
Figure 10 is a plot of the ratio of free to total cyanide, in percent, 
as a function of leach time. The ratio rises quickly from zero to 
80-95 percent, then rises slowly toward a limiting value of 100 per­
cent, indicating that the ratio decreases slightly with increased ore 
depth.
Figure 11 is a plot of the thiocyanate concentration versus leach 
time for the oxidized ore. The plot shows that as ore depth increases, 
the SCN” concentration increases, while increases in leach time lead to 
decreases in SCN” concentration.
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Figure 12 is a plot of the Cu(CN)^ concentration versus leach time 
for the oxidized ore. Again, the concentration of Cu(CN)^ decreases 
as a function of leach time. After 110 days of leaching, the concen-
3_
tration of Cu(CN)4 is very low for all column depths. The plot indi-
3_
cates that Cu(CN)4 concentration increases with increasing ore depth, 
and the overall average concentration for each sample level decreases 
in the order of levels 3>4>1>2.
Figure 13 is a plot of the concentration of Fe(CN)64" versus leach 
time for the oxidized ore. The Fe(CN)g4~ ion is the most abundant 
individual cyanide species present in the oxidized ore column. Figure 
13 can be best explained by breaking the plot into Regions I and II. 
Region I is characterized by rapidly increasing Fe(CN)g concentration 
which reaches a maximum value, signifying the end of Region I. The 
time lag which precedes each rise in concentration and the slope of the 
rising concentration are dependent upon the ore depth. In Figure 13, 
the magnitudes of the "best fit" slopes and time lags associated with 
each sample level increase with increasing ore depth for Region I. 
Region II is characterized by a steady decrease in the concentration of 
Fe(CN)g4 towards a minimum value. The slope of the "best fit" lines 
corresponding to each sample level becomes increasingly negative as the 
ore depth increases.
Figures 14, 15, 16, and 17 are plots of Fe(CN)g4" concentration
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versus leach time for samples of levels 1, 2, 3, and 4, respectively. 
The characteristics of Regions I and II and their dependence on leach 
time and ore depth are easier to view in the individual plots. The 
plots illustrate how the time lag magnitudes progress from a value of 4 
to 5 days in level 1, to a value of 12 to 14 days in level 4. The time 
lag in level 4 of 12 to 14 days is roughly comparable to the mean 
residence time (t) of 19 days calculated from the RTD studies. The 
dependence of Fe(CN)g4“ concentration and Regions I and II "best fit" 
line slopes on ore depth and leach time is readily apparent from the 
individual plots.
Table XI is a summary of the overall cyanide material balance for the 
oxidized ore column. The overall oxidized ore column was broken down 
into four separate "reactors", where each "reactor" was representative 
of each individual sample level. A cyanide material balance was calcu­
lated for each "reactor" assuming the incoming fluid had a chemical 
composition identical to the sample level immediately above, and the 
fluid exiting had a composition identical to the measured sample of 
that level. These individual cyanide material balances were summed 
over the entire leaching period. Table XI is a summary of the results 
of the overall and individual cyanide material balances. The overall 
conversion, in weight percent, of the total mass of initial cyanide, 
CNt , to individual cyanide species is also listed in Table XI. Only 
17.3 percent of the initial cyanide, CNt , reacted to form other 
cyanide species. The conversion of initial cyanide, CN^Q, to 
Fe(CN)64", SCN- , and Cu(CN)43' was 7.6, 0.3, and 0.15 percent, respec-
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unaccounted for and may have exited the column as unidentified species, 
accumulated within the column, or reacted to form non cyanide species. 
The material balance showed that Fe(CN)g4', SCN“, and Cu(CN)43" are 
produced within the oxidized ore column and move through the ore and 
out of the column within a period of 180 days. As shown in Figures 11, 
12, and 13, the concentrations of the SCN', Cu(CN)43", and Fe(CN)g4' 
ions decrease in the latter stages of the leaching period. Assuming 
that a nearly constant rate of production of these ions is independent 
of location within the column, the mobility of the ions in the column 
is evident from the results of the material balance and Figures 11, 12, 
and 13.
tively. Approximately 9.25 percent of the initial cyanide CN is
to
The sulfidic ore was leached for a period of 201 days. Table XII is 
a listing of the total and free cyanide concentrations versus time for 
samples drawn from the sulfidic ore column. Tables XIII and XIV list 
the concentrations of SCN", Cu(CN)43 , and Fe(CN)g4 versus leach time 
for the sulfidic ore. The ratio of free cyanide to total cyanide is 
reported in Table XV for the sulfidic ore column.
Table XVI contains the experimental data used in the generation of 
the C and E curves shown in Figures 19 and 20, respectively. A pulse 
tracer input was used for the RTD studies. The C and E curves are 
somewhat skewed but basically symmetrical output response curves with 
extended tails. Such curves are typical of a plug flow reactor with a
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small but significant amount of axial dispersion. No severe channeling 
or gross bypassing is indicated by the curves and the extended tail is 
probably due to tracer adsorption or stagnation. The axial dispersion 
number (D/uL) is equal to 0.394 and the mean residence time (t) is 
equal to 10 days. The sulfidic ore had the shortest mean residence 
time of the three ore columns.
Figure 21 is a plot of the free cyanide concentration versus leach 
time for the sulfidic ore. The dependence of free cyanide concentra­
tion on leaching time and ore depth is illustrated in the figure. 
Notice how the concentration decreases dramatically as a function of 
increasing ore depth. Increased leaching time leads to gradually 
increased free cyanide concentration in the sulfidic ore, regardless of 
ore depth. The time lags at each sample level are related to ore 
depth, as was the case with the oxidized ore.
Figure 22 is a plot of the total cyanide concentration versus leach 
time for the sulfidic ore. The total cyanide concentration increases 
with increasing ore depth and leach time. The relatively high levels 
of total and free cyanide concentrations are due in part to the high 
initial lixiviant concentration of 1.592 g/L CN .
The ratio of free cyanide to total cyanide, in percent, versus leach 
time is shown in Figure 23. The ratio of free to total cyanide 
decreases for increasing ore depth and leach time.
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The dependence of the concentrations of SCN“ and Cu(CN)43" on leach 
time and ore depth is illustrated in Figures 24 and 25, respectively. 
The figures show that the concentrations of SCN“ and Cu(CN)43_ increase 
with increasing ore depth. Curiously, levels 2, 3, and 4 of both 
figures exhibit approximately exponential decreases in SCN" and
3_
Cu(CN)4 concentrations for increasing leach time.
The concentration of Fe(CN)g4" versus leach time is plotted in Figure 
26. The Fe(CN)g4 ion is the most prevalent cyanide species in the 
sulfidic ore column. The plot of Fe(CN)64~ concentration versus leach 
time is best understood by dividing it into Regions I and II. Region I 
behavior in the sulfidic ore column resembles the behavior of Region I 
in the oxidized ore. The concentration of Fe(CN)g4- rises rapidly to a 
maximum, which signifies the end of Region I. The initial time lag and 
time length of Region I are dependent on the ore depth. Level 1 of 
Figure 30 is unusual in that it is the only level in all of the ore 
columns which exhibits a decrease in Fe(CN)g4- concentration during 
Region I. Region II is generally characterized by a slight increase in 
Fe(CN)g^“ concentration with respect to time, except for level 1.
Figures 27, 28, 29, and 30 are plots of Fe(CN)64_ concentration 
versus leach time for levels 1, 2, 3 and 4, respectively. The depen­
dence of certain characteristics of Regions I and II on ore depth and 
leach time is easily seen in the individual level plots. The magnitude 
of the time lags progresses from 6 to 8 days in level 2, to 19 to 21
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days in level 4, for Region I. The time lag of 19 to 21 days of level 
4 is much longer than the mean residence time of 10 days. The slopes 
of the best fit lines of Region I for levels 2, 3, and 4 are approx­
imately equal but the slopes of the "best fit" lines of Region II for 
those levels are quite different. Region II exhibits a greater amount 
of scatter in the data points as compared to Region I. Only level 1 
shows an overall decrease in Fe(CN)g4" concentration for increasing 
leach time for Regions I and II. The "best fit" line slopes of levels 
2, 3, and 4 follow a trend of gradually increasing magnitude, with 
levels 3 and 4 exhibiting a positive slope. Generally speaking, the 
sulfidic ore column showed an increase in Fe(CN)g4" concentration with 
respect to time and ore depth.
A summary of the overall cyanide material balance is shown in Table 
XVII. The material balance was calculated using the techniqes outlined 
earlier in this section. The overall conversions of initial cyanide, 
CNt0> t° the individual cyanide species are much different in the 
sulfidic ore column than in the oxidized ore column. Only 6 percent, 
by weight, of the initial cyanide exited the sulfidic column as free 
cyanide. Over 87 percent of the initial cyanide was converted to 
Fe(CN)g4". The conversion of initial cyanide to SCN" and Cu(CN)^ was 
4.2 and 4.0 percent, respectively. The overall material balance gave 
no indication of unaccounted cyanide species or accumulation of cyanide 
within the column. The overall material balance showed that signif­
icant quantities of Fe(CN)g4', SCN", and Cu(CN)43“ are produced within 
the column and move through and exit the column within a leaching
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period of 201 days. Most of the initial cyanide is converted to the 
Fe(CN)64" ion, with the SCN“ and Cu(CN)43' ions being minor chemical 
species.
The carbonaceous ore was leached for a total of 237 days. The con­
centrations of free and total cyanide versus leach time are listed in 
Table XVIII for the different sample levels. Tables XIX and XX list 
the concentrations of SCN", Cu(CN)43“, and Fe(CN)64~ versus leach time 
for the carbonaceous ore samples. Table XXI is a listing of the free 
to total cyanide ratio for the carbonaceous ore column.
The RTD data used in the generation of the C and E curves for the 
carbonaceous ore column are given in Table XXII. Figures 32 and 33 are 
the output response curves C and E, respectively, for a pulse tracer 
input. The C and E curves are symmetrical output response curves with 
very small extended tails. These curves are indicative of a plug flow 
reactor with no axial dispersion. There is no evidence of channeling 
or bypassing; the slight extended tail which was present in similiar 
curves for the sulfidic and oxidized ore columns is barely visible. 
The axial dispersion number (D/uL) is equal to 0.00408, which is 
indicative of strictly plug flow. The mean residence time (t) is equal 
to 30 days, and is by far the longest mean residence time of the three
ore columns.
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A plot of free cyanide concentration versus leach time for the 
carbonaceous ore is shown in Figure 34. Despite the wide scatter of 
the data points, the dependence of the free cyanide concentration on 
leach time and ore depth is illustrated in the figure. The concen­
tration of free cyanide decreases for increased ore depth, while the 
concentration increases for increased leach time.
Total cyanide concentration versus leach time is plotted in Figure 35 
for the carbonaceous ore. The total cyanide concentration increases 
with increasing ore depth and leach time. Figure 36 is a plot of the 
free cyanide to total cyanide ratio. Trends in the data indicate that 
the ratio of free to total cyanide increases with increasing leach time 
and decreases with ore depth.
The concentration of SCN" versus leach time is plotted in Figure 37. 
The SCN- concentration decreases with increasing ore depth. The 
concentration of SCN" is fairly steady, with a minimum concentration 
existing at approximately 150 to 170 days for each level.
The plot of Cu(CN)43 - -concentration versus time is shown in Figure 
38. The concentration of the Cu(CN)43- ion decreases with increasing
3_
leach time for levels 1, 2, and 3. The dependence of Cu(CN)4 concen­
tration on ore depth is the opposite of the behavior exhibited by the 
other two columns, with the concentration decreasing with increasing
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ore depth. Level 4 contained no detectable concentrations of 
Cu(CN)43".
Figure 39 is a plot of Fe(CN)g4 concentration versus leach time for 
the carbonaceous ore. The Fe(CN)g4' ion is the most abundant cyanide 
species in the column, as was the case for the sulfidic ore. Figure 39 
is best understood by breaking the plot into Regions I and II. As with 
the oxidized and sulfidic ore columns, Region I in the carbonaceous ore 
is characterized by a rapidly increasing Fe(CN)g4- concentration, which 
reaches a maximum, signifying the end of Region I behavior. The time 
lag and the slope of the Fe(CN)g4- concentration rise are dependent 
upon the ore depth. Region II is characterized by a decreasing concen­
tration of Fe(CN)g4- with respect to time, except for level 4, which 
exhibits increasing Fe(CN)g4- concentration.
Figures 40, 41, 42, and 43 are plots of Fe(CN)g4 concentration 
versus leach time for levels 1, 2, 3, and 4, respectively. The 
magnitude of the time lags present in Region I range from 2 days, for 
level 1, to 35 to 37 days, for level 4. Again, the time lag shown for 
level 4 is in rough agreement with the calculated mean residence time 
(t) of 30 days found in the RTD studies. The slopes of the “best fit" 
lines in Region I increase with increasing ore depth. The slopes of 
the "best fit" lines in Region II become increasingly negative for 
increasing ore depth, suggesting Fe(CN)g4 mobility. Figure 43, level
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4, shows that the concentration of Fe(CN)g4" increases with respect to
time in Region II, which could indicate accumulation of Fe(CN)g4".
The overall cyanide material balance is summarized in Table XXII. 
The overall conversion of initial cyanide, CNt , to individual cyanide 
species is listed in Table XXII. Only 10.3 percent, by weight, of the 
initial cyanide entering the column exits the column as free cyanide. 
The conversion of initial cyanide to Fe(CN)g4" exiting the column was 
85.7 percent. The conversion of initial cyanide to SCN" and Cu(CN)43” 
exiting the column was 4.0 and 0.0 percent, respectively. The 
Cu (CN)4 ion was produced at levels 1,2, and 3 but was not found in 
the column effluent solution, level 4. The overall material balance 
showed no evidence of cyanide accumulation within the column or 
unaccounted cyanide species. The overall material balance shows that 
significant quantities of Fe(CN)g4", and SCN" are produced by leaching 
and that these ions move through the column and exit it within a period 
of 240 days. The Cu(CN)4 ion is produced in the column, but is 
thought to be adsorbed onto carbonaceous material within the ore.
Several plots were prepared to illustrate the differences in various 
cyanide species as a function of the ore types studied. Figure 45 is a 
plot of total cyanide concentration versus leach time as measured at 
level 2 for each of the ores. Note that the initial cyanide concentra­
tion with which each ore was treated is listed in each figure. The 
sulfidic ore column contains total cyanide concentrations which are an
61
order of magnitude greater than those of the carbonaceous or oxidized 
ores. The carbonaceous ore has a slightly greater total cyanide 
concentration than the oxidized ore, as would be expected due to a 
higher initial cyanide concentration. The large degree of scatter in 
the sulfidic ore is probably due to the more complex chemical 
equilibria present in this ore body.
The total cyanide concentration versus leach time for each ore is 
plotted in Figure 46 for level 4. Again, the total cyanide concentra­
tions present in the sulfidic ore are much greater than those in the 
oxidized or carbonaceous ores. The amount of scatter in the sulfidic 
ore data is less than was present in Figure 45.
Figures 47 and 48 are plots of the free cyanide concentration versus 
leach time for levels 2 and 4, respectively, for each ore type. Notice 
how the extremely high concentrations of free cyanide present at level 
2, Figure 47, decrease dramatically by level 4, Figure 48, for the 
sulfidic ore. Although the initial cyanide concentration of the 
sulfidic ore was an order of magnitude larger than that of the oxidized 
ore, the oxidized ore had a higher free cyanide concentration in level 
4 than the sulfidic ore. The scatter in the sulfidic ore data again 
suggests interfering chemical equilibria as compared to the oxidized
and carbonaceous ores.
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Figures 49 and 50 are plots of the Cu(CN)43~ concentration versus 
leach time for the three ores as measured at levels 2 and 4, respec­
tively. The sulfidic ore contains a high concentration of Cu(CN)43” as 
compared to the other ores. The semi-exponential decrease in the 
concentration of the Cu(CN)4 ion with respect to time for the 
sulfidic ore is interesting, as it shows what could usually be expected 
for a leaching experiment.
Plots of SCN" concentration versus leach time for levels 2 and 4 are 
shown in Figures 51 and 52, respectively, for the three ores. The 
concentration of SCN” decreases for all of the ores with the sulfidic 
ore having the greatest concentration and the oxidized ore having the 
lowest concentration. Figure 52 shows a near exponential decrease in 
the SCN” ion with respect to time. The concentration of of SCN” seems 
fairly constant for the oxidized and carbonaceous ores, as contrasted 
to the rapid decrease shown by the sulfidic ore.
Figures 53 and 54 are plots of Fe(CN)g4” concentration versus leach 
time for levels 2 and 4. These plots resemble the total cyanide versus 
leach time plots in that the relative levels of Fe(CN)g4 are roughly 
equivalent to the total cyanide levels present in Figures 45 and 46. 
The material balance results for the carbonaceous and sulfidic ores 
showed that the Fe(CN)g4” ion accounts for more than 85% of the total 
cyanide, which is indicated by the similarities between the plots. The 
concentration of Fe(CN)g4” is probably increasing in level 4 for the
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sulfidic and carbonaceous ores as a function of leach time. This is 
significant in that both the ores were leached for a period of over 200 
days, with no limit in the production and mobility of the Fe(CN)g4- 
being attained. Apparently iron was available in sufficient quantities 
for Fe(CN)g4" formation after 200 days of leaching.
Figures 55 and 56 are plots of the ratio of free to total cyanide 
versus leach time for all three ores in levels 2 and 4, respectively. 
The oxidized ore has an extremely high percentage of cyanide present as 
free cyanide for both levels. The percentage of free cyanide decreases 
from level 2 to level 4 as expected for the sulfidic and carbonaceous 
ores. This is due to the formation of other cyanide complexes, 
especially the Fe(CN)g4- ion.
The oxidized ore column contained the 1owest concentrations of 
Fe(CN)g4-, Cu (CN)43", and SCN~. The highest relative levels of free 
cyanide were found in the oxidized ore column. The pH of each level of 
the oxidized ore for the first 117 days of leaching is shown in Figure 
18.
The carbonaceous ore contained concentrations of total cyanide, 
Fe(CN)64", SCN", and Cu(CN)43' which were higher than those found in 
the oxidized ore column but were much lower than concentrations found 
in the sulfidic ore column. Mineralogy of the ore body is clearly
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related to cyanide speciation. The pH of each level versus leach time 
is plotted in Figure 44.
The sulfidic ore column contained the highest concentration of 
Fe(CN)g , SCN , Cu(CN)^ , total and free cyanide. The high concen­
tration of these species is due to the high initial cyanide concentra­
tion and the mineralogy of the ore. The pH of each sample level versus 
leach time is shown in Figure 31.
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DISCUSSION
The concentration of individual cyanide species in the columns is a 
function of heterogenous kinetics and fluid transport within the 
column. The plots of the individual species concentration versus leach 
time can be understood by the application of a cyanide material balance 
written for any element of the ore column.
For any Cyanide Species
In - Out + Chemical Reaction = Accumulation
The values of the cyanide chemical species "In" and "Out" are known, 
but the terms "Chemical Reaction" and "Accumulation" are not. The 
arithmetic difference between the "In" and "Out" terms can be thought 
of as the percolation rate of the individual cyanide species. The 
relative magnitude of the percolation for a cyanide species can be 
found from plots of the cyanide species concentration versus leach time 
for a particular sample level. This percolation rate is the transport 
term referred to above. The heterogenous kinetics which describe the 
chemical reaction term of the material balance are extremely complex 
and cannot be addressed within this study. However, the rates of 
formation of individual cyanide species in solution might give an 
indication of the time required for these species to form in the ore 
columns.
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Luthy and Bruce reported that reaction between NaCN and the sulfur 
species polysulfide and thiosulfide proceeded to completion in aqueous 
solution within five minutes. The formation of Fe(CN)g4“ from the Fe2+ 
ion and CN is known to proceed rapidly23. Hedley and Tabachnick9 
reported copper minerals such as chalcocite, azurite, and malachite 
reacted with cyanide to approximately 90 percent completion within 24 
hours. The kinetic data for the formation of the Fe(CN)g4", Cu(CN)43', 
and SCN" ions in aqueous solution suggest that the time required for 
the reactions to proceed to completion is insignificant when compared 
to the sampling intervals and overall leach periods used for the column 
leaching tests. Examination of the cyanide species versus leach time 
plots indicates the movement of individual cyanide species must be 
governed by physical transport of the ions. Overall physical transport 
of a cyanide species consists of two terms; ion transport from the 
fluid-solid interface to the bulk fluid stream and ion transport due to 
bulk fluid movement, or percolation, down the column. The percolation 
of the bulk fluid stream through the column is described by the RTD 
studies.
The mean residence times of each leaching column were determined 
using an inert chemical species and are not directly applicable for 
individual cyanide species. These mean residence times refer to the 
time required for any fluid element to pass through the column, which 
is not equivalent to the time required for a chemically active species
The time interval between successiveto pass through the column.
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samples (the sample interval) is related to the individual cyanide 
species concentration as a function of the overall mean residence time 
for that species. A mean residence time of 30 days for a cyanide 
species implies that approximately 7.5 days will be required for the 
species to travel from one sample level to another within the columns 
used in this study. In this case, a sampling interval of less than 7.5 
days would not be sufficient to allow all of the leach solution already 
sampled to flow out of that particular portion of the ore column. 
Since each of the three ore types probably have different mean resi­
dence times for each cyanide species, the sample interval was held 
constant for all of the columns.
3_
The Fe(CN)6 ion was detected at low concentrations in less than 5 
percent of the total number of sulfidic and carbonaceous samples. That 
the Fe(CN)6 " ion was present to the almost exclusion of the Fe(CN)g 
ion is due to the greater thermodynamic stability of the Fe(CN)g ion. 
As discussed in the cyanide chemistry section, the formation constant 
of the Fe(CN)g^~ ion is approximately 10^ times larger than the forma­
tion constant of the Fe(CN)g^ ion. Iron present in the ore sample 
prior to leaching was probably present in the lower oxidation state,
and there was little or no oxidizing agent present in the leach
d 3-
solution to oxidize the Fe(CN)g ion to Fe(CN)g .
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The nature of the SCN“ concentration versus leach time plots for each
ore type can be understood in terms of the chemistry of the polysulfide
The limiting reaction in Equations 15 and 16 is the formation of the
of polysulfide is slow and not extensive.
Figure 31 shows that the pH for all levels 2, 3, and 4 of the sul- 
fidic ore column is low, less than 8.5, for the first 25 days of leach­
ing. Thiocyanate production is rapid during this period due to the 
rapid production of polysulfide at pH 8 to 8.5. Figure 24 shows that 
the initial sample analyzed for SCN concentration was the maximum 
recorded for the entire leach period for levels 2, 3, and 4. Notice 
that level 1 has a low concentration of SCN due to a high initial pH 
as compared with the other sample levels. Generally speaking, the 
concentration of SCN” decreases dramatically during leaching over the 
period from 25 to 140 days. This is due to a rapid pH rise on all 
levels to a pH of 10 to 11, causing the production of SCN to decrease
» ;i' Ifi 9b»** v)'!^  Trl'il 8
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ion. Luthy and Bruce reported the following general reaction for 
cyanide- and sulfur- bearing species:
15. HS” --> S S --> S70.“ + CN
(slow)x (slow;
° 2 .  P c2 -  ° 2
— > SCN” + S032"
16. HS” --> S¥S2" + CN
(slow)
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due to the reduced formation of the polysulfide ion. The concentration 
of thiocyanate in level 1 is always low due to a uniformly high pH 
throughout the leaching period. The concentration of SCN" in the 
sulfidic ore is higher than in the other ore columns due to a much 
higher initial sulfur content. The rapid decrease in the SCN~ 
concentration with respect to leach time and the increased mass of SCN" 
exiting subsequent sample levels, as shown in the overall cyanide 
material balance, confirmed the migration of the SCN" ion through the 
sulfidic ore column.
Figure 44 is a plot of pH versus leach time for each sample level in 
the carbonaceous ore column. The pH values of levels 3 and 4 are much 
lower than the pH values of levels 1 and 2 for the carbonaceous column. 
This accounts for the higher initial SCN" concentrations found in 
levels 3 and 4 as compared to levels 1 and 2, as shown in Figure 37. 
The rise in pH from the range of 8 to 9 up to 10.5+ probably accounts 
for the "dip" in SCN" concentration which occurs in Figure 39 near the 
middle of the leaching period. Material balances for SCN confirmed 
the migration of the ion through the column, supporting the fact that 
the concentration of SCN increases as a function of ore depth.
The sulfur content of the oxidized ore was the lowest of the three 
ore types. Consequently, the concentration of SCN found in the 




was not pronounced in the oxidized ore column, as shown in Figure 18. 
The dominant mechanism governing the change in thiocyanate concentra­
tion versus ore depth was probably the migration of the SCN- ion 
through the column. Migration of the thiocyanate ion due to bulk fluid 
transport lead to increased concentration as a function of ore depth. 
By the end of the leach period, the concentration of SCN~ was approx­
imately the same for all levels. This was probably due to the slow and 
incomplete formation of polysulfide ions in the oxidized ore column at 
pH values greater than 10.
Two factors help explain the plots of Cu(CN)43“ versus leach time for 
The three ore types. Equations 10, 11, and 12 in the cyanide chemistry 
section show how the ratio of the free cyanide concentration to the 
copper ion concentration determines which copper cyanide complex is 
most stable in aqueous solution:
10. C u + + 2 C N " <:> C u C C N ) ^ log  ̂  = 21.7
11. C u (CN)2 + c n " ? : > C u ( C N ) 3 _ l ° g / ? 3 = 2 6 -8
12. C u ( C N ) 3 _ + C N " --> C u ( C N ) ^ ' l o g ^ 4 = 27.9
The values of the formation constants are found in Hogfeldt
The reactions show how free cyanide to copper ratios of 4, 3, and 2
favor the formation of Cu(CN)43_, Cu(CN)g^ , and Cu(CN)2 , respec­
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tively. The effect of pH is the other factor influencing copper cyanide 
speciation:
13. Cu (CN)4" + H+ <:> Cu(CN)
14. Cu (CN)3_ + H+ <:> Cu(CN)
17. CN ‘ + H+ <:> HCN
no
These reactions show how lowering the pH leads to lower order cyanide 
species. Generally speaking, as cyanide travels down the column, the 
free cyanide concentration and pH decrease with increasing ore depth.
3_
Therefore, we would expect the concentration of Cu(CN)4 to decrease
3_
with increasing ore depth unless the migration rate of the Cu(CN)4 
ion is rapid enough to offset the pH and cyanide concentration effects.
t Itk  ifSnJ
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3-The sulfidic ore contained the highest concentration of Cu(CN)4 
relative to the other ore types. Figures 21 and 25 are plots of the 
free cyanide and Cu(CN)^- concentrations versus leach time, respec- 
tively. Levels 2, 3, and 4 have high initial Cu(CN)4 concentrations 
due to the initially large free cyanide-to-copper ratio. Figure 31 
indicates that the pH of levels 2, 3, and 4 is low initially but rises 
to high values after a time lag which is dependent on the ore depth. 
The initially high Cu(CN)43" concentrations in Figure 25 show that the 
equilibria represented by equations 10, 11, and 12 dominate the equi-
r\
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libria represented by equations 13, 14 and 17. This is due to the high 
initial free cyanide-to-copper ratio and/or low pH. Figure 25 shows 
that as leaching time increases, the concentration of Cu(CN)43~ de­
creases for levels 2, 3, and 4. This is probably due to the mobility 
of the Cu (CN)4 ion. The expected increases in free cyanide concen­
trations (Figure 21) due to the rise in pH (Figure 31) for levels 2, 3, 
and 4 do not appear, as cyanide complexation by the Fe2+ ion must 
account for the overall decrease in the free cyanide concentration. 
After the various levels experience a minimum in Cu(CN)43~ concentra­
tion, levels 2, 3, and 4 contain a low concentration of Cu(CN)43” for 
the remainder of the leaching period. The concentration of Cu(CN)43‘ 
in level 1 rises with respect to time due to the maintenance of a high 
free cyanide-to-copper ratio, caused by the constant influx of free 
cyanide from the lixiviant reservoir.
3_
Figure 38, a plot of the Cu(CN)4 concentration versus leach time,
3_
shows that the chemistry of the Cu(CN)4 ion in the carbonaceous ore 
is dominated by a different mechanism than that of the sulfidic ore.
3_
Level 1 of the figure shows an exponential decrease in Cu(CN)4 
concentration versus leach time. Figures 44 and 34 show a relatively 
stable pH above 10 with a slightly increasing free cyanide concentra- 
tion for level 1, favoring the formation of Cu(CN)4 . The material 
balance results for level 1 and Figure 38 indicate the migration of the 
Cu(CN)4 ion from level 1. The concentrations of Cu(CN)4 found in 
levels 2 and 3 remain relatively stable, as shown in Figure 38. 
Figures 44 and 34 show an increase in pH and free cyanide concentra­
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tions with increasing leach time for levels 2 and 3. These factors
should favor the formation of Cu(CN)43" in levels 2 and 3. Examination
of level 4 reveals the mechanism which controls the concentration of 
3- .
Cu(CN)4 in solution in the carbonaceous ore. The concentration of
3_
Cu(CN)4 was zero for all samples measured in level 4. Figures 38 and 
44 show extremely low free cyanide concentrations and pH values for 
samples of level 4. These factors favor the equilibrium represented by 
equations 11, 12, and 13, the decomposition of the Cu(CN)43~ ion into 
CutCN)^ and Cu(CN)2 . Fleming et al , reported that copper was
adsorbed onto activated carbon, and that maximum copper loading 
occurred for a free cyanide-to-copper ratio of 2 at low pH. Carbon- 
aceous ores are well known for their cyanide adsorption properties , 
requiring some type of oxidative pretreatment to destroy the carbon- 
aceous material in the ore prior to processing. The Cu(CN)4 ion is 
believed to have migrated through the carbonaceous ore column to level 
4, where the reduced pH and free cyanide-to-copper ratio favored the 
formation of the Cu(CN)2" ion. The Cu(CN)2‘ ion was then adsorbed onto 
the carbonaceous material present in the ore. The adsorption of the 
Cu(CN),j" ion was also taking place in levels 2 and 3, but to a lesser 
extent, as conditions in those levels probably still favored the
3 _
formation of the Cu(CN)4 ion.
The chemistry of the Cu(CN)4  ̂ ion in the oxidized ore was controlled 
by a mechanism similiar to that proposed for this ion in the sulfidic 
ore. The copper content of the oxidized ore and the lixiviant concen-
3_
tration were low, resulting in the lowest average Cu(CN)4 concentra­
74
tion of the three ores. A plot of the Cu(CN)43- concentration versus 
leach time (Figure 12) for the oxidized ore shows an initially high 
concentration followed by a rapid decrease to a low concentration for 
all levels. Figure 8 shows how the free cyanide concentration rose 
quickly, declined, and then rose again for all levels. The decline in 
free cyanide concentration was caused by a decline in solution pH from 
10.5 to 9.2 - 9.5 for all levels, as shown by Figure 18. The decline 
in pH and free cyanide concentration forced the equilibria to favor the 
production of the (^(CN)^ and Cu(CN)2 species. These factors, along 
with the migration of the Cu(CN)4 ” ion,are responsible for the decline
3 _
in the concentration of Cu(CN)4 with respect to leach time. Near the
3_
end of the leaching period, the concentration of Cu(CN)4 had decreas­
ed to a low value, which was approximately the same for all levels. 
Most of the easily reacted copper minerals had probably been consumed,
3_
so continued Cu(CN)4 production was low.
The Fe(CN)64" ion was the most abundant cyanide species in the sulfi- 
dic and carbonaceous ore columns, and was the only significant cyanide 
species in the oxidized ore column, except for free cyanide. Iron was 
plentiful in all of the ores, with its concentration being 10.5, 1.4, 
and 2.6 percent by weight, respectively, in the sulfidic, carbonaceous 
and oxidized ores. The Fe(CN)g4 ion forms quickly and is very stable 
in aqueous solution.
»
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As outlined in the Results section, the plots of Fe(CN)g4" concentra­
tion versus leach time are best understood by dividing the plots into 
Regions I and II. These regions have characteristics which are sim­
ilar for all levels of an ore but vary for the different ores studied.
The oxidized ore column contained relatively high concentrations of 
free cyanide and lacked the competing complex equilibria present in the 
other ores, probably due to the low concentration of sulfur species and 
absence of carbonaceous material. Figure 13 is a plot of the Fe(CN)g4" 
concentration versus leach time for the oxidized ore. Region I of the 
plot is characterized by increasing Fe(CN)g4- concentration as a 
function of ore depth and leach time. Region I has a duration of 
approximately 35 days, which is about 1.5 times the mean residence time 
t. The rate of change of the concentration of Fe(CN)g4 with respect 
to time consists of two elements: the percolation rate of the ion and 
the rate of formation and/or consumption of the ion due to chemical 
reaction. The assumption of a constant formation/consumption rate in 
Region I indicates that the Fe(CN)g4" ion is migrating down through the 
column, which is confirmed by material balance. The increasing slope 
and magnitude of the "best fit" lines for successive sample levels show 
the increasing rate of Fe(CN)g4 migration as a function of ore depth. 
Region II of Figure 13 is characterized by a decrease in the concen­
tration of the Fe(CN)64_ ion with respect to increased leach time. The 
percolation rate, or rate of migration, of Fe(CN)g becomes increas­
ingly negative as a function of ore depth for a given time interval, 
and remains relatively constant over the length of Region II. The
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concentration of Fe(CN)g in each sample level declines to a small 
value, indicating that most of the ion migration has taken place. The 
final two data points in Figure 13 for all levels may represent the 
rate of formation of the Fe(CN)g4- ion at that time. Figure 13 and the 
overall material balance for the oxidized ore leach test indicates that 
the Fe(CN)g4" ion is mobile in the oxidized ore matrix.
4-
The behavior of the Fe(CN)g4 ion in the carbonaceous ore column was 
similiar to that of the oxidized ore with several important differ­
ences. Region I in the carbonaceous ore was characterized by increas­
ing Fe(CN)g4" concentration as a function of leach time. Figure 39 
indicates that the maximum Fe(CN)g4" concentration is not dependent on 
ore depth, as was the case with the oxidized ore. The time length of 
Region I ranged from 45 to 50 days for level 1, to 95 to 100 days for 
level 4. The Region I time length of 95 to 100 days is 1.5 to 3 times 
as large as the mean residence time f. The concentration of the 
Fe(CN)g4- ion reaches a maximum value which is approximately the same 
for all levels in Region I. This may be due to a mechanism involving 
the adsorption and/or ion exchange of the Fe(CN)g4 ion onto carbon­
aceous and clay material present in the carbonaceous ore. The organic 
carbon content of the ore was 2.5 percent by weight, and X-ray diffrac­
tion confirmed the presence of illite and kaolinite clays. The ion 
exchange phenomenon observed during the RTD studies indicated the 
presence of an ion exchange mechanism taking place within the ore.
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RTD studies conducted using the AzB and IC dyes as tracers in the 
carbonaceous ore column were unsuccessful. Both tracers appeared to be 
chemically active in the system. The output response curve C(Figure 4) 
for the AzB Dye had an erratic, skewed appearance, with three separate 
peaks which could only be indicative of severe flow disturbances, such 
as channelling and/or chemical interaction between the ore and the 
tracer. NaCl was used as a tracer following these failures, and valid 
output response curves E and C were obtained(Figures 32 and 33). The 
NaCl tracer output solutions were contaminated with AzB and IC dye, 
whose presence was indicated by a change in the solution color from 
colorless to red to blue. Evidently, ion exchange and/or adsorption 
had taken place in the carbonaceous ore column between the dyes and the 
ore, causing the inconsistent results noted. The influx of high 
concentrations of Na+ and Cl" ions into the column probably caused the 
process to reverse itself, freeing the "tied-up" dye ions, which were 
subsequently present in the tracer output solution of the column. The 
concentration of the Fe(CN)g^ ion was possibly affected by an ion 
exchange and/or adsorption mechanism. Limitation of the Fe(CN)g 
concentration by such an absorption/ion exchange mechanism cannot be 
proven in this study.
Region II behavior in the carbonaceous ore is characterized by 
decreasing Fe(CN)g^~ concentration as a function of leach time for 
levels 1, 2, and 3, as shown in Figure 39. The slopes of the best 
fit" lines are roughly equal in magnitude for levels 1, 2, and 3. The
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quantity of Fe(CN)g4 "tied-up" in Region I may be slowly released in 
Region II due to some change in chemical equilibria. The change in 
chemical equilibria could be caused by a rise in pH of levels 1, 2, and 
3,(Figure 44) and/or an ion exchange/adsorption mechanism as proposed 
above. Level 4 of Figure 39 shows little difference between Regions I 
and II, as the concentration of Fe(CN)g4 increases with respect to 
leach time. Region II behavior indicates that the formation of signif­
icant quantities of the Fe(CN)g4 ion was still occuring when leaching 
was terminated, as the concentration of Fe(CN)g4- was still changing 
with respect to time. Although the Fe(CN)g4- ion is mobile in the 
carbonaceous ore matrix, the percolation rate of the ion is slower than 
that in the oxidized ore matrix.
Region I behavior for the sulfidic ore is characterized by increasing 
Fe(CN)g4- concentration as a function of leach time for levels 2, 3, 
and 4, (Figure 26). The decreasing Fe(CN)g4 concentration as a 
function of leach time for level 1 is probably due to the extremely 
short mean residence time l of the sulfidic ore column. The Fe(CN)g4 
ion migrates much faster here than in other ore columns at this depth 
due to the much greater lixiviant volumetric flow rate. The concentra­
tion of Fe(CN)g4- is not a function of ore depth in Region I for levels 
2, 3, and 4. This suggests the presence of a mechanism which "limits 
the concentration of Fe(CN)g4 during Region I. The sulfidic ore 
contains significant quantities of clay replacement products which are
usually found in porphyry copper deposits. These clay minerals may be
4-
responsible for the adsorption of the highly anionic Fe(CN)g ion.
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The detection of significant concentrations of SCN“ in the sulfidic ore
column suggests the presence of other sulfur species, such as S^- 
2 -
S203 , and HS , leading to complex competing chemical equilibria in
the column. These chemical equilibria are probably responsible for the 
greater scatter of the data from the sulfidic ore tests as compared to 
the oxidized and carbonaceous ore tests. The leaching time length of 
Region I behavior is approximately 70 days, which is seven times the 
magnitude of the mean residence time t.
Data from Region II showed that the concentration of Fe(CN)g4- is a 
function of ore depth and leach time. The greater amount of scatter in 
the data for Region II shown in Figure 26 makes interpretation of this 
region more difficult. "Best fit" lines are very difficult to apply; 
but trends in the data suggest a transition from a slightly decreasing 
Fe(CN)g4" concentration versus leach time for level 1 to an increasing 
Fe(CN)g^- concentration versus leach time for level 4. Levels 3 and 4 
of the figure show increasing concentration of Fe(CN)g^ versus leach 
time, suggesting the accumulation and/or consumption of the ion due to 
chemical reaction. The individual material balances showed the overall 
migration of the Fe(CN)g^ ion through all of the levels of the sulfi­
dic ore column. The Fe(CN)g^ ion is mobile in the sulfidic ore matrix
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and significant quantities migrate through the column within a period 
of 200 days.
Transition metal complexes containing the Fe(CN)g4“ ion are well
nc
known*1 . Ion reaction with ore transition metals was considered as a 
possible mechanism for the consumption of the ion. Many of the tran­
sition metal complexes which contain the Fe(CN)g4" ion are only spar­
ingly soluble, and would most likely precipitate within the column. 
Most of these complexes are colored, particularly those of iron; if the 
species concentrations were sufficiently high, these complexes could be 
detected by observation. None of the samples in any of the columns 
exhibited any color during the leaching studies, indicating the 
probable absence of such compounds.
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CONCLUSIONS
1. The fluid flow in each of the three ore column leach tests can be 
considered as plug flow.
2. Cyanide speciation within tailings is definitely related to ore 
mineralogy.
3. The Fe(CN)g4" ion is the most abundant cyanide species in column 
leaching studies when iron is present is sufficient quantities in 
the ore.
4. The sulfidic ore contained the highest concentrations of Fe(CN)g4-,
3-SCN , and Cu(CN)^ , and consequently had the lowest free cyanide 
concentration of the three ores leached in these studies.
5. The oxidized ore contained the lowest concentrations of Fe(CN)g4-,
3-SCN , and Cu(CN)4 , and consequently had the highest free cyanide 
concentration of the three ores leached in these studies.
6. The carbonaceous ore contained intermediate levels of Fe(CN)g4 , 
SCN", and Cu(CN)43~, and contained relatively low concentrations of 
free cyanide.
7. The Fe(CN)g4-, SCN“ , and Cu(CN)43“ ions are vertically mobile in 
column leaching with a NaCN solution. The rate of migration of 
these ions is dependent on the volumetric flow rate of the lixi- 
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Table I. RELATIVE SOLUBILITIES OF CYANIDE COMPLEXES IN WATER
Complex
Examples Present in Precious Metal 
Mill Solutions
Free Cyanide CN", HCN
Simple Cyanides
a) readily soluble NaCN, KCN, Ca(CN)2, Hg(CN)2
b) relatively insoluble Zn(CN)2, Cu(CN), Ni(CN)2, AgCN
Weak Complexes Zn(CN)42_, Cd(CN)4“, Cd(CN)42'
Moderately Strong Complexes Cu (CN)2", Cu (CN)32', Ni(CN)42", Ag(CN)2'





















Table III. CHEMICAL ANALYSIS OF ORES
OXIDIZED SULFIDIC CARBONACEOUS
Ag(oz/ton) 0.4205 1.375 0.0835
As 620. 0.23% 0.10%
Au(oz/ton) 0.0565 0.209 0.213
Ca 0.31% 5.3% 15.0%
Cu 93. 0.13% 61.
Fe 2.6% 10.5% 1.4%
Hg 13. 0.12 43.
Mg 0.12% 3.6% 3.7%
Mn 84. 0.19% 260.
Ni 25. 64. 38.
Pb *26. 800. *24.
s2 " 0.0% 3.85% 0.29%
S(total) 0.18% 4.24% 0.82%
Zn 81. 0.16% 150.
Notes: - Results reported in ppm by ICP unless otherwise
noted courtesy of the USBM, Reno Research Center
- indicates result is near detection limit
- Au and Ag analysis by fire assay, Hg analysis by 




PERCOLATION TESTS: % PASSING SIZE VERSUS FLOW RATE
Rate(ml/hr)
Weight % Passing Size (Tyler Si eve Series)
70 100 140 200 325
Carb 1 55 45.8 39.3 35.6 30.5 25.7
Carb 2 15 50.5 44.0 41.4 36.4 30.4
Carb 3 12 65.0 58.9 54.5 48.4 40.2
Carb 4* 14 56.0 50.6 44.2 41.2 28.6
Sulf 1 no 47.0 37.0 -- 22.6 14.0
Sulf 2 23 99.6 70.0 52.0 35.0 17.6
Sulf BMC* 26 92.0 64.0 58.0 32.0 21.0
Oxde 1 220 34.0 28.9 24.4 20.6 16.0
Oxde 2 49 46.8 40.2 34.8 32.1 24.6
Oxde 3 19 60.6 55.0 49.2 47.4 39.0
Oxde 4* 15 53.7 45.9 39.3 36.8 27.1
Notes: - Test #'s use the following nomenclature: Carb refers to
Carbonaceous ore, Sulf refers to sulfidic ore and Oxde 
refers to oxidized ore.
- Test #'s with an "*" have the same sieve analysis as the 
ores used in the column leach tests.
T,ble V EXPERIMENTAL HYDRAULIC CONDUCTIVITY, VOID VOLUME AND
POROSITY FOR THE COLUMN LEACH TESTS
K, HYDRAULIC CONDUCTIVITY 





Sulfi die 2.22 x 10“3 4000 42.
Oxidized 2.80 x 10'3 3150 31.
Carbonaceous 1.80 x 10"3 3320 33.
From Wenzel, 1942
Calculations: Sulfidie Ore
K = V L V = Volume of fluid passed in time t
Ath L = Length of ore column
A = Cross sectional area of ore column 
t = Time required for solution to pass 
h = Hydraulic head
K = ( 1320 cm3 )( 162 cm )
( 62 cm2 )(259,200 secs )( 6 cm )
K = 2.22 x 10"3 cm3/ cm2 - sec
0 " /^GD " P Bui k
P 6D
0 = 2.65 - 1.54
x 100.
Soil Bulk density




Void Volume = 0 x Ore Column Volume
4000 cm3 = 0.42 x ( 62 cm2 )( 162 cm )
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Table VI. FREE(F) AND TOTAL(T) CYANIDE CONCENTRATIONS
______ THE OXIDIZED ORE COLUMN LEACH
COLUMN LEVELS
1 (46 cm) 2 (92 cm) 3 (138 cm) 4 (184 cm)
Time F T F T F T F T
(days) (in grams/liter CN”)
4 0.035 0.138 0.000 0.001 0.000 0.000 0.000 0.000
6 0.149 0.157 0.049 0.055 0.000 0.000 0.000 0.000
12 0.155 0.163 0.150 0.152 0.134 0.138 0.000 0.008
15 0.175 0.175 0.157 0.159 0.139 0.151 0.105 0.115
19 0.140 0.169 0.143 0.175 0.150 0.170 0.132 0.136
23 0.167 0.179 0.158 0.185 0.154 0.180 0.143 0.158
27 0.150 0.150 0.142 0.156 0.139 0.163 0.136 0.166
33 0.141 0.175 0.139 0.153 0.130 0.185 0.105 0.159
44 0.151 0.151 0.146 0.158 0.148 0.153 0.130 0.153
49 0.123 0.138 0.121 0.138 0.131 0.149 0.129 0.154
54 0.083 0.101 0.121 0.121 0.117 0.151 0.130 0.148
68 0.132 0.134 0.130 0.131 0.129 0.134 0.103 0.123
78 0.110 0.119 0.119 0.137 0.089 0.124 0.103 0.140
86 0.136 0.138 0.128 0.138 0.132 0.138 0.128 0.153
96 0.150 0.150 0.150 0.163 — — 0.129 0.165
110 0.163 0.163 0.148 0.163 0.159 0.163 0.154 0.163
117 0.173 0.185 0.174 0.179 0.158 0.169 0.144 0.154
131 0.162 0.183 0.151 0.173 0.156 0.161 0.153 0.159
152 0.176 0.178 0.173 0.173 0.176 0.188 0.173 0.173
173 0.225 0.228 0.173 0.178 0.178 0.179 0.173 0.175
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COLUMN LEVELS
1 (46 cm) 2 (92 cm) 3 (138 cm) 4 (184 cm)
Table VII. SCN (S) AND Cu(CN)43"(Cu) CONCENTRATION FOR
__________ THE OXIDIZED ORE COLUMN LEACH_______
Time SCN 
(days)
Cu SCN Cu SCN 




23 2.46 42.3 4.32 22.0 6.93 58.2 14.6 54.9
44 2.49 32.3 2.12 12.9 3.21 52.9 3.30 27.9
72 3.77 28.4 6.13 15.4 3.84 40.3 4.08 22.7
n o 2.68 8.0 4.51 4.3 3.05 10.8 2.60 12.1
131 2.70 11.4 4.19 2.7 2.31 10.9 1.43 27.6
173 9.90 3.8 1.29 5.9 1.25 14.0 1.21 12.5
3-* - The concentrations of SCN and Cu(CN)^ were measured in ppm as 
SCN” and Cu, respectively. The concentration of the individual 
cyanide species were converted to g CN”/L using the following 
conversions, for use in the overall cyanide balance and are 
reported as such in Tables VII, XIII, and XIX.
SCN": gCN"/L = ppm SCN'( mg CN/L )( g )( 26.02 g CN” )
( ppm SCN )(1000 mg)( 58.08 g SCN )
Cu(CN)43": gCN”/L = ppm Cu ( mg Cu/L )( g )(104.08 g CN” )
( ppm Cu )(1000 mg)( 63.54 g Cu )
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Table VIII. Fe(CN)g CONCENTRATION FOR THE OXIDIZED ORE COLUMN LEACH
COLUMN LEVELS
1 (46 cm) 2 (92 cm) 3 (138 cm) 4 (184 cm)
Time
(days)
Fe Fe Fe Fe 
*(in grams/1iter CN" x 10"3)
6 0.98 0.00 0.00 0.00
12 11.73 3.34 0.00 0.00
15 15.68 14.57 2.26 5.35
19 13.39 20.00 27.52 32.97
23 11.57 19.37 33.45 25.13
27 16.20 22.91 39.74 45.85
33 9.0 20.11 32.60 47.66
40 — — 23.13 33.34
44 8.33 13.74 20.27 32.65
54 — 13.74 20.27 32.65
68 13.41 25.48 35.47 49.51
74 9.42 16.59 24.77 34.05
78 — 30.70 36.64 45.45
86 15.86 20.38 28.99 34.05
93 8.65 19.28 32.08 44.20
103 4.64 9.90 16.66 26.54
110 6.69 12.52 19.01 23.73
117 3.24 7.56 10.34 14.87
124 2.01 5.55 8.43 12.32
131 1.69 6.60 11.84 14.55
138 1.30 5.28 10.05 14.05
145 0.48 3.33 6.82 9.93
152 0.00 2.26 5.12 7.31
173 2.77 2.28 4.34 6.09
180 1.68 — 5.67 4.07
* - The concentration of Fe(CN)g^~ was measured as ppm Fe. The
concentrations were converted as shown below, to g CN /L for use
in the overall cyanide balance and are reported as such in Tables 
VIII, XIV, and XX.
Fe(CN)g^~: gCN~/L = ppm Fe ( mg Fe/L )( g )( 156.12 g CN )





Table IX. RATIO OF FREE TO TOTAL CYANIDE CONCENTRATIONS
FOR THE OXIDIZED ORE COLUMN LEACH
Time(days)
COLUMN LEVELS
1 (46 cm) 2 (92 cm) 3 (138 cm) 4 (184 cm) 
( in percent, % )
4 25.0% 0.0% 0.0% 0.0%
6 15.7 89.1 0.0 0.0
12 95.1 98.7 96.7 0.0
15 100.0 98.4 96.7 0.0
19 82.5 81.4 88.2 96.7
23 93.3 85.4 85.3 90.2
27 100.0 92.1 96.4 84.9
33 80.4 90.6 70.3 65.9
44 100.0 92.1 96.4 84.9
50 89.1 88.2 87.9 83.8
54 82.1 100.0 77.4 88.1
68 99.0 99.2 95.9 83.6
78 92.6 87.2 71.4 73.2
86 98.6 92.7 95.9 83.6
96 100.0 92.3 98.1 94.9
110 100.0 90.8 98.1 94.9
117 93.2 96.9 93.3 93.1
131 88.7 87.3 96.5 96.5
152 99.0 100.0 93.7 100.0
173 98.9 96.8 99.6 98.6
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Table X. EXPERIMENTAL DATA USED FOR THE DETERMINATION OF THF
RTD FOR THE OXIDIZED COLUMN 1 FAFH__________
Time Tracer Concentration
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Table XI. OVERALL CYANIDE MATERIAL BALANCE RESULTS FOR
_______ THE OXIDIZED ORE COLUMN LEACH
A cumulative total of 9.077 g of CN" was input to the column- 57 09 L 
of lixiviant x 0.159 gCN /L = 9.077 g CN" = CNt .
The overall column was broken down into 4 separate "reactors'1 in 
series, with each "reactor" corresponding to a sample level. The 
cumulative totals of total and free CN", Fe(CN)fi , SCN", and Cu(CN) 3" 
leaving each sample level are reported below as grams of CN" exiting4 
individual sample levels. The mass of cyanide exiting a level, or 
"reactor", is assumed to have entered the next sample level, or 
"reactor". The totals for each sample level were calculated using the 
following series: »
n
CN", . , = Z C.v.(species) t=1 t t
C is the concentration of an individual cyanide species, in gCN"/L, at 
time t. as measured at each sample level. V is the volume of fluid 
which passed through the column in the interval from t̂  to t.+,. The 
overall leaching period was broken in n time intervals, with1each time 
t. representing a sampling point.
The % exiting values listed below correspond to the percentage of 
cumulative total input CN”, 9.077 g CN" = CN. .exiting the bottom of 
the ore column as a particular cyanide species. The variation in 
cumulative CN(total) values for levels 1, 2, 3, and 4, as compared to 
the cumulative initial cyanide total of 9.077 g CN , is possibly due to 
errors in sampling.
grams of CN” exiting) each i ndividual sample level
Level 1 Level 2 Level 3 Level 4 % exiting
CN(total) 9.392 8.912 8.944 8.220
CN(free) 8.897 8.245 8.190 7.506 *82.7%
CN, as Fe(CN)g4" 0.482 0.649 0.737 0.691 *7.6%
CN, as SCN" 0.013 0.019 0.018 0.023 *0.3%
CN, as Cu(CN) 3” 0.010 0.006 0.016 0.014 *0.15%
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Table XII. TOTAL(T) AND FREE(F) CYANIDE CONCENTRATIONS 
FOR THE SULFIDIC ORE COLUMN 1 FAPH
COLUMN LEVELS
1 (46 cm) 2 (92 cm) 3 (138 cm) 4 (184 cm)
Time F T F T F T F T
(days) ( in grams/liter CN" )
4 0.460 0.500 0.000 0.000 0.000 0.000 0.000 0.000
6 0.350 0.130 0.000 0.000 0.000 0.000 0.000 0.000
12 0.888 1.425 0.195 1.275 0.125 0.130 0.000 0.028
19 0.925 0.139 0.200 1.044 0.200 1.238 0.170 0.650
23 0.994 0.137 0.370 1.375 0.340 1.238 0.188 0.702
27 0.994 1.400 0.288 1.400 0.188 1.219 0.200 1.050
33 1.119 1.407 0.382 1.563 0.701 1.344 0.190 1.238
40 1.013 1.444 0.369 1.357 0.175 1.326 0.188 1.138
54 0.713 1.370 0.250 1.550 0.095 1.376 0.160 1.294
68 0.688 1.357 0.090 1.388 0.045 1.326 0.042 1.513
78 1.100 1.457 0.688 1.475 0.394 1.477 0.060 1.594
86 1.060 1.388 0.575 1.375 0.307 1.538 0.091 1.701
93 1.163 1.388 0.133 1.357 0.031 1.550 0.043 1.655
100 0.525 1.807 0.213 1.869 0.044 1.813 0.038 1.738
110 1.400 1.775 0.163 1.725 0.087 1.825 0.056 1.725
117 1.340 1.725 0.438 1.738 0.129 1.725 0.050 1.725
131 0.756 1.394 0.606 1.719 — — 0.136 1.394
138 1.275 1.600 0.694 1.525 0.500 1.526 0.100 1.494
152 1.425 1.445 0.238 1.401 0.081 1.825 0.138 1.719
166 1.025 1.550 0.100 1.806 0.056 1.794 0.034 1.631
173 1.263 1.563 0.375 1.725 0.038 1.875 0.018 1.575
180 1.100 1.613 0.657 1.763 0.025 1.763 0.028 1.738
187 0.932 1.813 0.079 1.375 0.140 1.688 0.023 1.688
195 0.875 1.525 0.407 1.875 0.500 1.632 0.030 1.525
201 0.700 1.525 0.719 2.157 0.713 1.763 0.282 1.750
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Table XIII. SCN (S) AND Cu(CN)43"(Cu) CONCENTRATIONS
FOR THE SULFIDIC ORE COLUMN LEACH 
COLUMN LEVELS
1 (46 cm) 2 (92 cm) 3 (138 cm) 4 (184 cm)
Time SCN Cu SCN Cu SCN Cu SCN Cu 
(days) *( in grams/liter CN~ x 10"3 )
* See Table VII
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Table XIV. Fe(CN)g CONCENTRATION FOR THE SULFIDIC ORE COLUMN LEACH
COLUMN LEVELS
1 (46 cm) 2 (92 cm) 3 (138 cm) 4 (184 cm)
Time
(days)
Fe Fe Fe 
*( in grams/liter CN" )
Fe
6 1.1418 0.000 0.000 0.000
12 0.8691 1.0143 0.0113 0.000
15 0.5776 1.1663 0.3089 0.000
19 0.5846 1.2668 0.9803 0.000
23 0.4092 1.0090 0.9478 0.5220
27 0.5672 1.1758 1.1176 1.0271
33 0.3677 1.0552 1.1348 1.0619
40 0.4962 1.1151 1.2815 1.1360
44 0.4236 1.0970 1.6807 1.1659
54 0.8434 1.5317 1.4794 1.4186
68 0.9675 1.5225 1.6831 1.4088
74 0.5746 1.1136 1.2287 1.3158
78 0.4345 0.8239 1.1097 1.5363
86 0.4762 0.8706 1.1145 1.5214
93 0.3136 1.2663 1.2734 1.5830
100 1.5809 1.5029 1.6337 1.8395
103 0.7282 1.7000 1.3792 1.4764
110 0.4204 1.5729 1.3350 1.4764
117 0.4274 1.3260 1.7163 1.6548
124 0.3182 1.0270 1.2812 1.5739
131 0.6604 1.1765 0.8248 1.7536
138 0.2717 0.7929 1.0274 1.6655
145 0.5363 1.5101 1.7358 1.6066
152 0.3510 1.6220 1.9070 1.8033
166 0.4598 0.8973 0.7874 —
173 0.4762 1.2320 1.5995 1.5362
180 0.9821 1.4861 2.0206 1.8425
187 0.6938 1.2593 1.5450 1.5279
195 0.7044 1.2225 1.5128 1.4846
201 0.1385 1.2453 1.1975 —
* See Table VIII
COLUMN LEVELS
Time 1 (46 cm) 2 (92 cm) 3 (138 cm) 4 (184 cm)
(days)
( in percent, % )
4 92.0% 00.0% 00.0% 00.0%
6 26.9 00.0 00.0 00.0
12 62.3 15.3 95.8 00.0
19 66.4 19.2 16.2 26.2
23 72.3 26.9 27.5 26.8
27 67.4 20.5 15.4 19.0
33 79.6 24.4 52.1 15.4
40 70.2 27.2 13.2 16.5
54 52.0 16.1 6.9 12.3
68 50.7 6.5 3.4 2.7
78 75.5 46.6 26.7 3.8
86 76.4 41.8 19.9 5.3
93 83.8 9.8 2.0 2.6
100 29.1 11.4 2.4 2.2
n o 78.9 9.4 4.8 3.3
117 77.7 25.2 7.5 2.9
131 54.3 35.5 — 9.8
138 79.7 45.5 32.8 6.7
152 98.7 17.0 4.4 8.0
166 66.1 5.5 3.1 2.1
173 80.8 21.7 2.0 1.1
180 68.2 37.2 1.4 1.6
187 51.4 5.7 8.3 1.3
195 57.4 21.7 30.6 2.0
201 45.9 33.3 40.4 16.1
1
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Table XVI. EXPERIMENTAL DATA USED FOR THE DETERMINATION OF THE
RTD FOR THE SULFIDIC ORE COLUMN LEACH
Time Tracer
Concentration































Table XVII. OVERALL CYANIDE MATERIAL BALANCE RESULTS FOR 
_______ THE SULFIDIC ORE COLUMN LEACH
R<
04
A cumulative total of 205.61 g of CN" was input to the column; 129.15 
L of lixiviant x 1.592 gCN“/L = 205.61g CN“ = CNt .
The cumulative totals of total and free CN", Fe(CN)g4", SCN", and 
Cu(CN)4 leaving each sample level are reported below as grams of CN" 
exiting individual sample levels. The totals for each sample level 
were calculated using the following series:
CN(species) =
A more detailed explanation of the cyanide material balance calcula­
tions is given in Table XI.
The % exiting values listed below correspond to the percentage of 
cumulative initial cyanide, 205.61 g CN" = CNj. , exiting the bottom of 
the column as a particular cyanide species. Tne variation in 
cumulative CN(total) values for levels 1, 2, 3, and 4, as compared to 
the cumulative total of 205.61 g CN", is possibly due to errors in 
sampling.
Grams of CN" exiting individual sample 1evels
Level 1 Level 2 Level 3 Level 4 % exiting
CN(total) 188.01 217.92 211.97 206.17
CN(free) 129.62 51.92 37.44 12.36 *6.0%
CN, as Fe(CN)64~ 66.98 153.63 167.88 179.63 *87.4%
CN, as SCN- 3.90 5.83 6.20 8.72 *4.2%
CN, as Cu(CN) 3" 6.24 4.34 6.42 8.28 *4.0%
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Table XVIII. TOTAL(T) AND FREE(F) CYANIDE CONCENTRATIONS FOR
______ THE CARBONACEOUS ORE COLUMN LEACH
1 (46 cm) 
Time F T 
(days)
COLUMN LEVELS
2 (92 cm) 3 (138 cm) 4 (184 cm)
F T F T F T
( in grams/liter CN" )
2 0.065 0.124 0.000 0.000 0.000 0.000 0.000 0.000
4 0.036 0.128 0.003 0.118 0.000 0.000 0.000 0.000
6 0.099 0.200 0.005 0.198 0.000 0.001 0.000 0.000
12 0.121 0.231 0.004 0.125 0.005 0.131 0.003 0.009
19 0.142 0.256 0.005 0.162 0.002 0.018 0.002 0.002
23 0.116 0.138 0.010 0.125 0.001 0.003 0.001 0.004
27 0.076 0.221 0.038 0.204 0.003 0.128 0.000 0.004
33 0.057 0.210 0.004 0.210 0.003 0.132 0.000 0.003
40 0.120 0.288 0.004 0.250 0.002 0.172 0.005 0.042
54 0.171 0.250 0.006 0.250 0.004 0.206 0.004 0.198
72 0.173 0.250 0.004 0.238 0.002 0.288 0.004 0.288
78 0.173 0.250 0.004 0.238 0.002 0.288 0.004 0.288
86 0.177 0.211 0.091 0.237 0.136 0.237 0.004 0.281
96 0.153 0.206 0.021 0.234 0.004 0.225 0.004 0.338
110 0.219 0.254 0.084 0.245 0.002 0.264 0.004 0.225
117 0.239 0.248 0.151 0.151 0.061 0.061 0.021 0.021
131 0.244 0.281 0.144 0.256 0.063 0.225 0.015 0.263
152 0.200 0.300 0.063 0.319 0.058 0.300 0.063 0.300
166 0.225 0.250 --- 0.300 0.044 0.300 0.004 0.300
173 0.225 0.250 0.136 0.263 0.138 0.263 0.006 0.300
180 0.225 0.281 0.277 0.261 0.177 0.334 0.015 0.306
187 0.300 0.300 0.213 0.300 0.197 0.300 0.030 0.281
195 0.225 0.300 0.189 0.281 0.052 0.263 0.005 0.281
201 ___ ___ 0.125 0.281 0.038 0.263 0.176 0.263
208 0.150 0.338 0.138 0.300 0.038 0.300 0.010 0.030
215 0.236 0.263 0.201 0.263 0.101 0.300 0.034 0.300
237 0.188 0.225 0.148 0.188 0.202 0.244 0.202 0.238
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COLUMN LEVELS
1 (46 cm) 2 (92 cm) 3 (138 cm) 4 (184 cm)
Table XIX. SCN (S) AND Cu(CN)43"(Cu) CONCENTRATIONS FOR
THE CARBONACEOUS ORE COLUMN LEACH
Time
(days)
SCN Cu SCN Cu SCN 




44 4.08 17.77 9.43 0.00 12.22 4.31 11.53 0.00
68 3.82 3.37 9.25 5.52 10.25 3.31 11.85 0.00
110 4.06 4.55 8.93 3.80 12.61 0.00 10.67 0.00
131 1.57 7.16 5.77 3.60 8.69 13.87 9.33 0.00
173 1.18 3.54 4.80 5.26 5.22 4.39 8.06 0.00
195 2.38 6.21 2.85 1.88 6.42 4.26 8.10 0.00
222 3.00 4.11 5.01 1.93 9.87 3.84 17.60 0.00
237 3.04 2.43 4.98 2.00 9.34 5.22 10.94 0.00
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Table XX. Fe(CN)g4 CONCENTRATION FOR THE CARBONACEOUS
_________  ORE COLUMN LEACH
COLUMN LEVELS
1 (46 cm) 2 (92 cm) 3 (138 cm) 4 (184
Time Fe Fe Fe Fe
(days) *( in grams/liter CN" x 10"2 )
6 10.28 0.00 0.00 0.00
12 9.22 7.56 0.00 0.00
19 12.43 18.43 0.00 0.00
23 14.89 17.67 0.61 0.00
27 15.71 22.17 8.73 0.00
33 14.31 21.57 14.12 0.00
40 28.86 25.10 16.19 3.89
44 28.52 21.60 18.00 7.32
54 10.69 29.58 20.82 19.64
68 6.63 26.23 25.09 23.68
74 14.50 27.17 26.83 23.14
78 7.72 16.25 27.01 26.15
86 4.64 14.71 — 27.72
93 3.43 14.05 24.79 33.89
103 — 19.86 19.51 26.71
110 3.48 14.09 25.06 21.56
117 2.25 13.34 27.59 22.94
124 7.66 19.67 26.18 27.15
131 1.77 12.66 21.05 27.03
138 3.68 10.48 — 26.48
145 8.47 19.95 25.73 29.04
152 4.70 24.59 24.15 28.42
166 _____ 9.96 19.07 24.39
173 1.97 13.41 15.53 26.97
180 1.17 8.10 10.82 22.44
187 1.10 8.59 27.42 33.55
195 0.58 5.31 19.88 27.50
201 _____ 8.79 19.87 36.94
208 9.90 13.72 23.73 23.34
215 6.10 8.60 11.16 31.71
222 3.24 9.37 19.29 33.43
* - See Table VIII
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Table XXI. RATIO OF FREE TO TOTAL CYANIDE CONCENTRATIONS FOR
THE CARBONACEOUS ORE COLUMN LEACH
COLUMN LEVELS
1 (46 cm) 2 (92 cm) 3 (138 cm) 4 (184 cm) 































































































































Table XXII. RAW DATA FOR THE DETERMINATION OF THE RTD FOR 
THE CARBONACEOUS ORE COLUMN LEACH
Time

























Table XXIII. OVERALL CYANIDE MATERIAL BALANCE RESULTS FOR 
THE CARBONACEOUS COLUMN LEACH
A cumulative initial cyanide total of 21.34g of CN" was input to the 
column; 80.53L of lixiviant x 0.265g CN“/L = 21.34g CN" = CNt .
The cumulative totals of total and free CN“, Fe(CN) 4", SCN", and 
Cu(CN)4 leaving each sample level are reported below as grams of CN” 
exiting individual sample levels. The totals for each sample level 
were calculated using the following series:
^(species) ~ t̂ -^tvt ’
A more detailed explanation of the overall cyanide material balance 
calculations is given in Table XI.
The % exiting values listed below correspond to the percentage of 
cumulative initial cyanide, CNt0, exiting the bottom of the ore column 
as a particular cyanide species. The variation in cumulative CN(total) 
values for levels 1, 2, 3, and 4, as compared to CNtQ, is possibly due 
to errors in sampling.
Grams of CN” exiting each individual sample level
Level 1 Level 2 Level 3 Level 4 % exiting
CN(total) 20.27 19.56 19.86 19.18
CN(free) 15.80 8.42 5.11 2.20 *10.3%
CN, as Fe(CN)64“ 6.18 11.52 15.84 19.10 *85.7%
CN, as SCN" 0.16 0.51 0.73 0.84 *4.0%








Figure 2. Diagram of a sample port.
Figure 3. 
Calibration curve for the Azocarm
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Figure 4. The output response C curve for the carbonaceous ore column leach which shows the effect of
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Figure 8. The e ffec t o f leach tim e  and ore depth on free cyanide concentration
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Figure 9. The effect of leach time and ore depth on total cyanide concentration in













Figure 10. The effect of leach time and ere depth en the ratio of free to total cyanide concentrations.
in percent, in the oxide ore column leach.
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Figure 12. The effect of leach time and ore depth on C u (C N )^  concentration in the
oxide ore column leach.
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Figure 14. The effect of leach time on Fe(CN)64 concentration in Level 1





Figure 15. The effect of leach time on Fe(CN)g^ concentration in Level 2 of the
oxide ore column leach.
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Figure 16. The effect of leach time on Fe(CN)64 -  concentration in Level 3 of the














Figure 17. The effect of leach time on Fe(CN)64_  concentration in Level 4 of the
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Figure 19. The outcrop response C curve for the sulfidic ore column leach.
129












T/6 'a p j u e A q a a j j
Figure 21. The effect of leach time and ore depth on the free cyanide concentration
in the sulfidic ore column leach.
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Figure 22. The effect of leach time and ore depth on the total cyanide concentration in the












Figure 23. The effect of leach time and ore depth on the ratio of free to total cyanide concentrations,










Figure 24. The effect of leach time and ore depth on SCN concentration
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Figure 25. The effect of leach time and ore depth on Cu(CN)4 3 -  concentration
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Figure 27. The effect of leach time on Fe(CN)64 concentration in Level 1
















Figure 28. The effect of leach time on Fe(CN)64 concentration in Level 2
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Figure 29. The effect of leach time on Fe(CN)64 concentration in Level 3
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Figure 30. The effect of leach time on Fe(CN)64 concentration in Level 4
















"ai ~03 "CD "03> > > >03 03 03 03_ J —J —J
I I r |







+ □ o <
4- □ < o+ □o <1
+ □
□
+ 0 <i □
4- □ <3 o
+ + B < < ° o ,+ a <
+ <P0
+o  + C M  4 ^
i 1 — |— i— i— r -
CD CD














Figure 3 1 . The pH o f samples drawn from  all levels o f the sulfidle ore colum n leach.
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Figure 34 . The e ffec t o f leach tim e and ore depth on free cyanide concentration
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Figure 35. The effect of leach time and ore depth on total cyanide concentration in the
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Figure 36. The effect of leach time and ore depth on the ratio on free to total cyanide concentrations,
in percent, for the carbonaceous ore column leach.
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Figure 37. The effect of leach time and ore depth on SCN concentration in the
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Figure 38. The effect of leach time and ore depth on Cu(CN)4 3 concentration in the
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Figure 40. The effect of leach time on Fe(CN)64 concentration in Level 1






Figure 41. The effect of leach time on Fe(CN)64 concentration in Level 2
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Figure 42. The effect of leach time on Fe(CN)g4 concentration in Level 3
of the carbonaceous ore column leach.
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Figure 43. The effect of leach time on Fe(CN)64 concentration in Level 4
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Figure 4 4 . The pH o f samples drawn from  all levels o f the carbonaceous ore colum n leach.
Figure 45. The effect of ore m
ineralogy on the total cyanide concentration of each ore in Level 2.
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Figure 46. The effect of ore m
ineralogy on the total cyanide concentration of each ore in Level 4.
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Figure 47. The effect of ore m
ineralogy on the free cyanide concentration
of each ore in 
Level 2.
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The effect of ore m
ineralogy on the free cyanide concentration
of each ore in Level 4.
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Figure 49. The effect of ore m
ineralogy on the Cu(CN)43 
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Figure 54. The effect of ore m
ineralogy on Fe(CN)64 
concentration
of each ore in Level 4.






Figure 55. The effect of ore mineralogy on the ratio of free to total cyanide concentrations,
in percent, for each ore in Level 2.
Figure 56. The effect of ore mineralogy on the ratio of free to total cyanide concentrations,








Preparation of Rhodamine Indicator, Chloramine-T, 
and Pyridine-Barbituric Acid Reagent Solutions5-.
167
Chloramine-T Solution - Dissolve 1.0 gram of the white-colored, water 
soluble grade powder chloramine-T in 100 ml of H^O. Prepare fresh 
weekly.
Pyridine-Barbituric Acid Reagent - Place 15 grams of barbituric acid in 
a 250-ml volumetric flask and add just enough water to wash the sides 
of the flask and wet the barbituric acid. Add 75 ml of pyridine and 
mix. Add 15 ml of hydrochloric acid, mix, and cool to room 
temperature. Dilute to the mark with water and mix until all of the 
barbituric acid is dissolved. This solution is usable for about 6 
months if stored in a cold, dark place.
Rhodamine Indicator Solution - Dissolve 0.02 grams of p-dimethyl-
aminobenzylidene in 100 ml of acetone.
Appendix B
Oj . O i
Sample calibration chromatograms of the Fe , Fe 
3-SCN ,Cu(CN)^ standards, respectively. A listing of the 
used for the calibration of the chromatograph is included
standard
file
Sample calibration chromatogram of the Fe2+, Fe3+ standard
FAULT 10
Ch=l
CHrtMMEL H INJECT 08/16/36 20:43:13 - Vi — \Jr ■ ~ o
v'i  ̂* ■
- l.T.''.-
Puuijo-16(^1y:
NJ S  M 4 .
U-
FE-CVANIDES
FILE 1. HETHOD 5.
ANALVST: JPS
>33/ 16/36 20:43:13 




























CHANNEL A INJECT 03/16/36 21 :06:44
- ada - F
557-00.
170
Sample chromatogram of the SCN~, Cu(CN)43' standard





CHANNEL a INJECT 48
1  ti i
■v
:i e •
3. 03 23335376 011135153. II  
10 .73  -0032342 014014335.5
70033213
3. 04r id. 7̂
IHP'JT OVERRftNGE RT RT= 2.5
SCN/COI #02/22/3 11:20:59 CH=
FILE 2. METHOD 5. —UN 12 INDEX 1
-SkiMi VST5 JP3
C .I RLE 2
10/3/5*- Cc<
NAME PPM R7 AREA 3C RF
SCN 25. 113 3. 04 2'3769030 011135155. 219
CU +1 10. 057 10. 72 40373547 014014335.5
TGTfiLS 35. 175 73145707







File used for the calibration of the chromatograph
jJH= 5. REM FE= 2. ^" pcs 2a
i*(1 HMCi = “CU+l “ NM<2>= “NI-Z
py 07 = 1 *x ~ 0.
Cfl = RN = 23. ~ V = i,
CD 1. PH = 0. • S> = 0.
CZ = ■1 L3 = 0. NV A
•31 1. SZ = 2 . RC i!
Cl 1 0 0 . PH =1. SP 2.
TT<1>= 0. 5 Tr<l)=-:i“ TV < 1 > = A
TT<2)= 4. 5 TFC2>=“ i ; “ TV 02 > = i !
TT<2>= 13. Tp^ijF-ir1 TV<2>«= •1TTC4>= 25. TFC4)=*II“ TV < 4) = e!
TT<5>= 50. TFC5)»“ER“ TV(5)= i.
RT<1>« 5. 46 CN(1)= “SON '* CM<1>= i
RF <1)=********** CC<1>= 25.
RT<2>= 6. 7 CN<2>= “CU +1“ CN<2>= tiRF(2)*********** CC<2)= 10.
PN = “ JPS “ PN(1)= ■ PN<2>= M
cu = " “ CU<1>= “PPM “





CNC2 > 3 12. 5
CM<2> 3 ”
CM (2) 3 “6
CM<2> 3 •HI +2*
CM (2) 3 i« •
RF (2) 3 *** *****
CCC3) 3 20.
MN* 5. REM r E= 2. CH= “fl“ PS= 1.
HM "SCN " NMCI>= “CU+1 ■ NMC2)3 11NI + 2
PU = 6. ?T = 10000. •_K = 0.
ca 1. RN = 23. IX = i*
CD PH = 0. 73 5 d.
cz = LS = 0. NV 3 1.
:3I i sz = RC 3 1*
Cl 100. Rfl = 1. SP = -*
TTC1>= 0. 5 tf<i  >=-::•• TVC1) =
TT<2>= 4. 5 TF<2)=“ i : “ TV < 2 > = 0.
<2) = 13. TF<3>*“ I I “ TV < 2) = -•
t- ,\4> = 25. TF <4)=“ I I " TVC4>«= 0.
TY<5̂ =* 50. TrC5>=“ER“ TV<5>«=
RT<1>= 5. 46 CIKD* “SCN » CMCl)= mRF < i> s********** CCCi>= 23.
RTC2>= 6. 7 CN<2)= “CU *1 CMC2)=
ii
10,
